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SUMMARY 
 
In this study the growth and characterisation of undoped and Si-doped AlxGa1-xN has 
been performed. The layers were grown using low-pressure metalorganic vapour phase 
deposition (MOCVD) on sapphire substrates. The optical and electrical properties of the 
AlxGa1-xN layers were studied using variable temperature Hall effect and 
photoluminescence measurements. 
 
AlxGa1-xN layers were grown over the entire composition range. Room temperature 
ultraviolet (UV) transmission measurements showed that the material quality was very 
good for layers with an Al content, x, of 0  x  0.5. However, the quality of layers of 
higher composition was seen to rapidly decrease with increasing x. The electrical and 
optical properties of AlxGa1-xN with x < 0.5 were also good, comparable to those reported 
on in literature. 
 
The study of the Si-doping of AlxGa1-xN was performed in two parts; firstly a series of 
Al0.23Ga0.77N samples was grown in which the doping level was increased from zero to 
n  3 × 1018 cm-3. A similar, albeit a less rigorous, study was performed for Al0.41Ga0.59N 
and Al0.5Ga0.5N. A second series of samples was then grown in which the doping level 
was kept constant, while the Al content was incrementally increased. 
 
Room temperature Hall effect measurements performed on Si-doped Al0.23Ga0.77N 
showed that the electron concentration did not scale linearly with the silane flow, as was 
the case in GaN. It was also seen that the electron mobility of the layers increased with 
slight Si-doping, possibly due to an improvement in the crystalline quality and/or a 
change in the conduction mechanism. It was also found that at higher compositions (x = 
0.41 and 0.50) an increase in the doping level resulted in an increase in the mobility. 
Variable temperature Hall effect and photoluminescence measurements, performed on the 
Al0.23Ga0.77N samples, revealed a good correlation between the first PL activation energy 
E1 and the donor activation energy ED, prompting the conclusion that the first PL 
recombination channel in AlxGa1-xN is due to the delocalisation of excitons bound at 
neutral Si donors. Furthermore, E1 and ED were seen to decrease with n1/3, as is the case 
for GaN and other semiconductor materials. It was also observed that strong exciton 
 V 
localisation occurs in slightly Si-doped material, with the amount of localisation 
becoming less at higher doping levels. Possible mechanisms responsible for the second 
PL recombination channel of activation energy E2 were also proposed. 
 
The electrical and optical properties of the second set of AlxGa1-xN samples was then 
studied. The PL properties of undoped AlxGa1-xN were typical of a homogeneous alloy 
system, with the increase in the PL FWHM and exciton localisation energies with x 
following the trend predicted by alloy disorder theory. The variation of the band gap 
energy with the Al content could not, however, be fitted over the entire composition 
range using a single bowing parameter. It was proposed that this was due either to an 
effect of the 79 Γ→Γ valence band crossover, or due to exciton localisation at alloy 
disorder and/or impurities. As was the case for GaN and Al0.23Ga0.77N, all undoped 
material was highly resistive. 
 
As was mentioned earlier, the exciton localisation energies increased according to alloy 
disorder theory in undoped AlxGa1-xN. In the doped samples, however, a large increase in 
the donor localisation energy was measured for x > 0.3. The possibility that Si could 
become a DX-centre in AlxGa1-xN was then investigated. However, Hall effect 
measurements showed that the Si activation energy increased in good agreement with the 
model of a shallow effective mass state donor, with no sudden increase in ED being 
observed up to x = 0.4. It was then suggested that the increase in the E1 and E2 activation 
energies, as well as the exciton localisation energies, could be due to the 79 Γ→Γ valence 
band crossover, which occurs at roughly the same composition. However, due to the 
scarcity of reports on the valence band structure in AlxGa1-xN no conclusions could be 
made at this stage as to the effect of the 79 Γ→Γ valence band crossover on the PL 
properties of AlxGa1-xN. 
 
 
 
Keywords: Aluminium gallium nitride, AlxGa1-xN, AlGaN, GaN, MOCVD, Si-doping, 
Hall effect, photoluminescence, alloy disorder, exciton localisation. 
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Chapter 1 
 
INTRODUCTION TO AND MOTIVATIONS FOR STUDYING AlxGa1-xN 
 
Gallium nitride (GaN), aluminium nitride (AlN) and their alloy AlxGa1-xN have been the 
focus of intensive research for more than a decade now. This interest is mainly due to the 
many possible device applications that can be derived from this material system’s large, 
direct band gap, which can be varied between 3.42 eV (GaN) and ~ 6.0 eV (AlN) at room 
temperature.  
 
Many nitride-based devices, such as the blue light emitting diode (LED) and ultraviolet 
(UV) detector, have already been realised and are commercially available. There are, 
however, many more possible applications that are being researched. Some examples of 
these include blue and UV laser diodes, which would greatly increase the amount of data 
that can be stored on a compact disc. Deep visible- and solar-blind UV detectors, which 
have important military applications such as missile detection and underwater optical 
communication, are also being investigated. Due to the high thermal stability of the 
AlxGa1-xN system, the development of high-power and high-temperature transistors is 
also possible. 
 
The realisation and commercial production of such devices have been severely hampered 
by many factors. These include the lack of a suitable homoepitaxial substrate, problems 
in achieving p- and n- type layers (for large Al containing material), and the high growth 
temperatures required for the efficient cracking of ammonia. Furthermore, at the start of 
this present study, the n-type doping of AlxGa1-xN (x > 0), as well as the optical properties 
of such material, had not been well studied. This is of vital importance in the realization 
of AlxGa1-xN-based applications, as conducting n-type layers are often integral 
requirements for optoelectronic devices. Another problem is the large variation in the 
reported residual doping concentration of AlxGa1-xN layers. Initially the residual doping 
concentration was as high as 1019 – 1020 cm-3 [Yoshida et al. (1982) and Khan et al.  
(1983)], but with improvements in the growth procedure and precursors used, this value 
has been reduced to approximately 1 × 1017 cm –3 [Zeng et al.  (2000)]. 
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For both undoped and doped material, a decrease in the carrier concentration with 
increasing Al content of the layers has always been reported. Although in some reports 
this decrease is gradual, while in others a sudden drop in the carrier concentration is 
obtained, it is generally seen that undoped AlxGa1-xN layers with x > (0.4-0.5) are highly 
resistive [Yoshida et al. (1982), Khan et al. (1983), Zhang et al. (1995), Korakakis et al. 
(1997), Polyakov et al. (1996), Polyakov et al. (1998), Zeisel et al. (2000), and Li et al. 
(2001)]. This is generally attributed to the transformation of shallow O donors into deep 
DX- centers [McCluskey et al. (1998)], and the deepening of Si-donors.  
 
The Si activation energy, ED, in AlxGa1-xN has received some attention, but the reported 
results are not in agreement. In one report it is seen that ED increases linearly with x in 
good agreement with the hydrogen model for an effective mass shallow donor 
[Katsuragawa et al. (1998)]. Other reports have shown that ED increases linearly, but that 
the ED values are far greater than those predicted for an effective mass donor 
[Stutzmann et al. (1998) and Zeisel et al. (2000)]. A third report had shown that ED does 
not scale linearly with x, and that a sudden increase in ED is observed at x ~ 0.1 
[Polyakov et al. (1998a)]. 
 
With all these above mentioned factors in mind, a comprehensive study of the growth and 
Si-doping of AlxGa1-xN was undertaken. Valuable information on the electrical and 
optical properties of these layers was hoped to be obtained by performing Hall effect and 
photoluminescence (PL) measurements. 
 
The outline of this thesis will be as follows: 
 
In Chapter 2 a brief overview of the optoelectronic device applications based on GaN and 
related materials will be presented.  
 
Chapter 3 will focus on the physical properties of GaN, AlN and AlxGa1-xN, with topics 
such as the crystal and band structure, as well as the band gap variation in AlxGa1-xN, 
being discussed.  
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In Chapter 4 a brief introduction to the Hall effect and photoluminescence techniques, as 
well as the experimental apparatus utilised, will be presented. 
 
Chapter 5 will deal with the MOCVD growth of undoped and Si-doped AlxGa1-xN, with 
most attention being paid to AlxGa1-xN with x > 0. This chapter will focus on the effect of 
the growth parameters, such as the growth pressure and Al fraction in the vapour phase, 
on the layer properties. The n-type doping of AlxGa1-xN, using silane, will also be 
presented. 
 
Chapter 6 will focus on the electrical properties of undoped and Si-doped AlxGa1-xN 
obtained using various techniques, including capacitance-voltage (CV), and variable- and 
room temperature Hall effect measurements. Before presenting the results of this study, a 
brief overview of some of the electrical properties of AlxGa1-xN will be given. 
 
In Chapter 7 the optical properties of undoped and Si-doped AlxGa1-xN, obtained using 
room temperature ultraviolet transmission (UV) spectroscopy, will be presented. 
 
Chapters 8 and 9 will focus on the photoluminescence properties of undoped and Si-
doped GaN and AlxGa1-xN, respectively. The low temperature (12 K) and variable 
temperature PL properties of these samples will be presented. 
 
Chapter 10 describes the conclusions that can be drawn from this study, and briefly 
mentions possible topics for further study.  
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Chapter 2 
 
OPTOELECTRONIC APPLICATIONS BASED ON III-V NITRIDES 
 
Gallium nitride and related materials have been widely touted for many optoelectronic 
applications such as high-intensity blue LEDs (light-emitting diodes) for colour displays, 
and the blue laser diode, which is likely to increase by fourfold the storage capacity of 
current optical media devices. GaN also promises to have a large impact on electronics, 
facilitating the creation of transistors with ten times better power handling than current 
semiconductor devices provide. New transistors that could amplify very large electrical 
signals, under operating conditions that would literally vaporize ordinary devices, will 
have many applications in wireless communication and radar systems. Figure 2.1 shows a 
summary of some of the device applications possible using III-V nitride materials 
[www.nitronex.com]. 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
Figure 2.1: A summary of some of the device applications possible using III-V nitride 
materials [www.nitronex.com]. 
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For several years a large market has 
existed for blue and UV LEDs. The main 
drive has been the desire to manufacture 
full-colour LED displays by combining 
the three primary colours red, blue and 
green. Another large market is the 
replacement of incandescent traffic 
lights with very bright green GaN-based 
LEDs. With an estimated world market 
of some 10–20 million green traffic signals, and with each signal requiring between 500-
750 LEDs, it is clear that this has very favourable financial implications for the nitride 
industry. This will also have a large environmental impact due to the far superior 
efficiency of solid state light sources as compared to incandescent lamps. 
 
The market for white LEDs is even more lucrative, as it has the potential for replacing the 
incandescent light bulb as a household lighting source. The 
use of LEDs instead of incandescent lighting would result 
in an energy saving of about 85 %, which equates to a very 
large financial saving. Then of course there are the other 
advantages of LED light sources, such as their tremendous 
robustness, reliability and much longer lifetime. White 
LEDs are already commercially available, with the device 
combining a blue GaN LED with an yttrium aluminium 
garnet (YAG) fluorescent layer to emit white light.  
 
 
Although green, blue and white GaN-based LEDs are already on the market, blue lasers 
are still being developed. One of the main drives behind the fabrication of blue lasers is 
the possibility of increased optical data storage. The amount of data that can be stored on 
an optical disk scales as 2/1 λ , where λ is the wavelength used to read and write the data. 
Conventional compact disk (CD) technology is based on infrared light sources operating 
at a wavelength of 780 nm, allowing 0.65 gigabyte of data to be stored on a CD. Digital 
versatile disk (DVD) technology, utilising a shorter AlInGaP light source of λ = 635 nm, 
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has resulted in far greater data density storage (4.7 gigabyte on a DVD). Blue laser 
technology ( λ = 450 nm) would allow 15 gigabyte of storage capacity on a single DVD. 
 
GaN and related materials also have many 
light sensing applications. Detection of light 
in the ultraviolet (UV) region of the spectrum 
is important for flame and heat sensors (for 
fire alarms, missile warning systems or 
combustion monitoring), UV calibration 
devices (sun tanning monitors), chemical and 
biological analysis (ozone, pollutants, and 
most organic compounds have absorption lines in the UV region), optical 
communications (particularly for inter-satellite communications where λ  < 280 nm are 
used), and astronomical (solar) studies. Most of 
these applications require a solar-blind detector- 
one which detects only in the UV range, but does 
not sense longer wavelengths. The AlxGa1-xN 
system, with its direct band gap that can be 
varied between 3.42 eV (GaN) and ~ 6.0 eV 
(AlN) at room temperature, makes it ideal as a 
solar-blind UV detector material. 
 
 
In this chapter only a few of the many optoelectronic devices that can be produced using 
III-V nitrides have been mentioned. It is clear from the many devices already 
commercially available and those under development, that GaN and related materials are 
now beginning to compete for a large share in the semiconductor optoelectronic market.  
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Chapter 3 
 
GENERAL PROPERTIES OF GaN, AlN AND THEIR ALLOY AlxGa1-xN 
 
3.1 Introduction 
 
Gallium nitride and related materials are set to change many aspects of our lives in the 
near future. It is envisaged that, in the same manner that Thomas Edison’s vacuum light 
bulb replaced gas lighting in the early 1900’s, so too will the GaN-based white light 
emitting diode (LED) become the next generation of illumination source.  
 
Many companies already market blue and white LEDs based on GaN and related 
materials. However, it would be a grave mistake to believe that nitride research only 
began a few years ago. Johnson et al. (1932) described the first synthesis of a thin film of 
GaN in 1932 by heating metallic Ga in a flow of ammonia. It was, however, not until 
Nakamura et al. (1993) developed the first InGaN/GaN-based blue LED in the early 
1990’s that GaN research began in earnest.  
 
Although GaN, AlN and AlxGa1-xN has been the subject of intense research over the past 
decade, there is still much need for further investigations to approach the level of 
understanding of other important semiconductors such as Si and GaAs.  
 
The driving force behind III-V nitride research lies in the band gap variation of this 
material system. The wurtzite polytypes GaN and AlN form a continuous alloy system 
whose direct band gaps range from 3.4 eV for GaN, to ~ 6.1 eV for AlN. Thus these III-V 
nitrides can in principle be fabricated into optical devices operating from the blue to 
ultraviolet wavelength regions. The band gaps of these nitrides, as well as those of 
common substrates and other wide band gap materials, are summarised in Figure 3.1 with 
respect to their lattice constants. Also included is the wavelength equivalent of the band 
gap energy of these materials. 
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Figure 3.1: The band gap energies of nitrides and other conventional semiconductors 
with respect to their lattice constant a [Morkoç (1999) p12]. 
 
This chapter provides a short overview of the properties of GaN, AlN and their ternary 
alloy AlxGa1-xN.  
 
3.2 Crystal structure 
 
Gallium nitride and AlxGa1-xN can crystallise in both the zincblende (ZB) and wurtzite 
(Wz) structures. These structures are shown in Figure 3.2(a) and (b), respectively. Under 
ambient conditions, the thermodynamically stable structure is wurtzite. However, GaN 
exhibiting the zincblende structure can be produced via hetero-epitaxial growth of thin 
films on the {011} crystal planes of cubic substrates such as GaAs and Si. In these cases 
the intrinsic tendency to form the wurtzite structure is overcome, since the epilayer must 
conform to the cubic crystal structure of the substrate. However, most growth of GaN is 
performed on sapphire substrates, which results in the material exhibiting the wurtzite 
crystal structure (as is the case for the material investigated in this study).   
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Figure 3.2: The zincblende and wurtzite crystal structures. 
 
The wurtzite structure has a hexagonal unit cell and thus has two lattice constants, c and 
a. Strain and defects, caused by the large lattice mismatch between the layer and 
substrate, may distort the lattice constants from their intrinsic values, and thus there is a 
wide range of reported values. Table 3.1 lists the accepted lattice constants for wurtzite 
and zincblende GaN and AlN.  
 
 
Table 3.1: Lattice parameters of GaN and AlN [Nakamura et al. (2000) p42]. 
 
Wurtzite Zincblende 
 
 
 
a (Å) c (Å) 
 
a (Å) 
 
GaN 
 
3.1892 5.1850 
 
4.52 
 
AlN 
 
3.112 4.980 4.38 
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The most complete study to date of the properties of AlxGa1-xN, over the entire 
composition range, was performed on epitaxial layers grown by reactive molecular beam 
epitaxy (MBE) on sapphire substrates [Yoshida et al. (1982)]. The variation of the lattice 
constant and band gap as a function of the Al content was studied using reflection high 
energy electron diffraction (RHEED) and X-ray analysis, and optical transmittance and 
reflectance measurements, respectively. It was observed that the lattice constant c tended 
to be smaller than the value predicted by Vegard’s law, as shown in Figure 3.3. 
Yoshida et al. (1982) speculated that this variation is due to internal strain in the material 
caused by the lattice mismatch between the layer and the sapphire substrate. Recent 
studies, however, have shown that the lattice constant variation with x indeed varies 
linearly between GaN and AlN, as predicted by Vegard’s law [Ponce et al. (1994) and 
Laügt et al. (2003)]. This is due to the improvement of the growth process, which 
includes the use of a low temperature buffer layer and purer source materials, thus 
resulting in a far superior layer quality than what was achievable in the 1980’s. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.3: Lattice constant c of AlxGa1-xN as a function of the Al content x [Yoshida 
et al. (1982), Ponce et al. (1994) and Laügt et al. (2003)]. 
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3.3 Chemical properties 
 
The two most important chemical properties of AlxGa1-xN are its extreme hardness and 
excellent chemical stability at high temperatures. These properties, coupled with the wide 
direct band gap, make this material system an ideal candidate for devices operating in 
high temperature and caustic environments. However, the chemical stability of these 
materials presents a technological challenge: conventional wet-etching techniques used in 
semiconductor processing have not been very successful for GaN-based device 
manufacture. Low quality material can be etched in H2SO4, NaOH, and H3PO4, but 
preferential etching occurs at threading dislocations in the material, resulting in uneven 
etching of the surface [Morkoc (1999) p13]. Dry-etching is being researched as an 
alternative for device manufacture [Van der Stricht, (1999) p169].  
 
The ionicity or percentage ionic nature of a compound AB gives an indication of the bond 
strength of that material [Atkins (1978) pp471-472]. The ionicity of a compound can be 
calculated from the Pauling electronegativities, p, of its constituent elements from the 
equation [Atkins (1978) p471]: 
 
  % Ionicity = 
2
5.316 pApApBpA χχχχ −+−                                      … (3.1) 
 
The ionicities of GaN and AlN are 24.24 % and 29.26 %, respectively. This is an 
indication that, as Al is incorporated into the GaN lattice, the compound becomes more 
ionic in nature and that the bond strength increases. 
 
3.4 Band structure 
 
The electronic band structure of a semiconductor is its single most important property, as 
it determines the major electrical and optical properties from which device applications 
are determined. The direct, wide band gap exhibited by GaN, AlN and their ternary alloy 
AlxGa1-xN makes this material system ideal for device applications in the blue and 
ultraviolet wavelengths. 
  
12 
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In the wurtzite crystal structure, the six-fold degenerate 15Γ valence band associated with 
the cubic structure is split into the 9Γ , upper 7Γ , and lower 7Γ levels, due to the crystal 
field ( CR∆ ) and spin-orbit ( SO∆ ) interactions [Morkoç (1999) p49]. Figure 3.4 illustrates 
this process. The influence of the crystal field splitting, which is only present in a 
wurtzite crystal, transforms the semiconductor from the zincblende to wurtzite structure, 
as shown on the left-hand side of Figure 3.4. The crystal field splits the 15Γ band of the 
ZB structure into the 5Γ  and 1Γ  states of the wurtzite structure. These two states are 
further split into the 9Γ , upper 7Γ , and lower 7Γ levels by spin-orbit interactions. 
Application of the spin-orbit splitting, from right to left in Figure 3.4, splits the 15Γ band 
of the ZB crystal into the 8Γ  and 7Γ  states, while the crystal possesses the zincblende 
symmetry. Application of the crystal field further splits these states into the 9Γ , upper 
7Γ , and lower 7Γ levels, and the crystal now possesses the wurtzite symmetry. Table 3.2 
lists the calculated values for the crystal field ( CR∆ ) and spin-orbit ( SO∆ ) splitting 
energies for GaN and AlN [Nakamura et al. (2000) p37]. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.4: Splitting of the valence band in wurtzite crystals due to crystal field and 
spin-orbit interaction [Morkoç (1999) p49]. 
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Table 3.2: The calculated values for the crystal field ( CR∆ ) and spin-orbit ( SO∆ ) 
splitting energies for GaN and AlN [Nakamura et al. (2000) p37]. 
 
 GaN AlN 
CR∆  (meV) 42 -217 
SO∆  (meV) 13 19 
 
 
3.4.1 GaN 
 
The band structure of wurtzite GaN is quite close to that of other direct band gap 
zincblende semiconductors such as GaAs, but there are significant differences. One key 
difference is that due to the crystal field and spin-orbit effects, valence band degeneracy 
does not occur in GaN. This results in three valence bands, labelled the 9Γ , upper 7Γ , and 
lower 7Γ levels, of decreasing energy. Consequently there are three band gap excitons, 
usually labelled the A-, B-, and C-exciton, corresponding to the )(9 AΓ , )(7 BΓ and )(7 CΓ  
valence bands, respectively. Since these valence bands are highly non-parabolic, the 
effective mass approximation employed for GaAs and other III-V semiconductors has 
very limited use for the GaN valence bands [Chen et al. (1996)]. The calculated band 
structure near the direct fundamental  (k = 0) gap of wurtzite GaN is depicted in Figure 
3.5 [Chen et al. (1996)]. The direct optical transition occurring at or near the -point (k = 
0) is fundamental for light emitting devices based on GaN. This transition is between the 
uppermost valence band states (the 9Γ level) and the lowest conduction band minimum. 
 
The calculated band gap energy of GaN is 3.504 eV (T = 0 K), the splitting between the 
B and C valence band maxima (EBC) is 37 meV, while the value for EAB is 6 meV. 
The theoretical room temperature band gap of GaN is estimated to be 3.39 eV [Nakamura 
et al. (2000) p34]. 
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Figure 3.5: Calculated band structure near the fundamental  (k=0) gap of wurtzite 
GaN at 0 K [Chen et al. (1996)].  
 
3.4.2 AlN 
 
The band structure of AlN is very similar to that of GaN, except that the upper 7Γ valence 
band is the lowest in energy, and not 9Γ [Leroux et al. (2002) and Li et al. (2003)]. This is 
due to the negative crystal field splitting energy of CR∆  = -217 meV, which is positive for 
GaN (see Table 3.2). Figure 3.6 shows the calculated fundamental  (k = 0) band gap of 
wurtzite AlN [Li et al. (2003)]. 
 
The calculated 0 K band gap energy of AlN was found to be 6.11 eV 
[Koukstis et al. (2002) and Li et al. (2003)], with the 300 K value estimated to be about 
6.0 eV [Li et al. (2003) and Silveira et al. (2005)]. The splitting between the upper 7Γ and 
9Γ valence bands was found to be 213 meV [Leroux et al. (2003) and Li et al. (2003)], 
while that between the 9Γ and lower 7Γ bands being 13 meV [Li et al. (2003)]. 
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Figure 3.6: Calculated band structure near the fundamental  (k=0) gap of wurtzite 
AlN at 0 K [Li et al. (2003)]. 
 
3.4.3 Band structure variation in AlxGa1-xN 
 
Knowledge of the valence and conduction band variation with the Al content is critically 
important, especially when considering the band gap variation with x. This in turn is very 
important for the design of optoelectronic devices that utilise AlxGa1-xN layers as active 
components. 
 
From Figures 3.5 and 3.6 it is seen that the 7Γ conduction band has the lowest energy at k 
= 0 for both GaN and AlN. Furthermore, it has been calculated that the AlxGa1-xN 
conduction band minimum varies linearly between GaN and AlN, but is offset by 0.8x 
[Wei and Zunger (1996) and Van de Walle and Neugebauer (1997)].  
 
The variation of the valence bands is more complicated; as the 9Γ  band has the highest 
energy in GaN, and the upper 7Γ the highest in AlN, a 79 Γ→Γ valence band crossover 
must occur between GaN and AlN. The exact composition at which this crossover occurs 
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is critically dependent on the strain in the material [Leroux et al. (2003)], thus resulting in 
a large uncertainty as to what the exact composition is at which this crossover occurs. For 
unstrained material it is predicted that the crossover should occur at x = 0.04 [Leroux et 
al. (2003)], however experimentally the crossover was found to occur between x ~ 0.1 
[Leroux et al. (2003)] and x = 0.25 [Nam et al. (2004)]. This spread is most probably due 
to the differing strain in the two sets of samples studied. 
 
If, as a first approximation, it is assumed that the valence band maxima vary linearly with 
x, and that the 79 Γ→Γ valence band crossover occurs near x = 0.2, then an estimate of 
the valence and conduction band variations with x can be obtained. Figure 3.7 shows the 
variation of the valence and conduction bands as a function of Al content for AlxGa1-xN. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.7: The estimated variation of the valence and conduction bands as a function 
of Al content for AlxGa1-xN. 
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The band gap variation of AlxGa1-xN as a function of the Al content, has been extensively 
studied over the last 20 years, with many reviews on the topic being written [for example 
see Lee et al. (1999) and Yun et al. (2003)]. The band gap of AlxGa1-xN can be obtained 
from the expression [Yoshida et al. (1982)]: 
 
  )1()1( xbxxEExE AlNGaNg −++−=                                               … (3.2) 
 
where EGaN and EAlN are the GaN and AlN band gaps respectively, and b is the bowing 
factor.  The low temperature (T = 0 K) band gap values used for GaN and AlN were 
3.48 eV [Steude et al. (1999) and Leroux et al. (2002)] and 6.11 eV 
[Brunner et al. (1997) and Li et al. (2003)], respectively. 
 
Figure 3.8 shows two sets of reported data for the band gap variation of AlxGa1-xN as a 
function of x [Yoshida et al. (1982) and Yun et al. (2003)].  
 
 
 
 
 
 
 
 
 
 
 
Figure 3.8: Reported values for the band gap of AlxGa1-xN as a function of the Al 
content, x [Yoshida et al. (1982) and Yun et al. (2003)]. 
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The data in Figure 3.8 is fitted using Equation 3.2, and two bowing parameters of b = 1 
eV and b = - 0.75 eV were obtained. Figure 3.8 is a typical example of how the reported 
band gap bowing of AlxGa1-xN differs from group to group. There is a very large spread 
in reported bowing factor values, ranging between -0.8 and 2.6 eV for AlxGa1-xN, with 
many factors, such as varying strain and impurity concentrations, being proposed to 
explain this scatter [Lee et al. (1999)]. The band gap variation of AlxGa1-xN as a function 
of x will be dealt with in more detail in Chapter 9. 
 
3.5 Summary of material properties 
 
A brief summary of the physical properties of GaN, and AlN will now be presented. 
Table 3.3 lists the common physical properties of GaN and AlN (shown on next page). 
As a first approximation, the properties of AlxGa1-xN are assumed to vary linearly 
between the GaN and AlN values.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  
19 
19 
Table 3.3: Summary of the properties of GaN and AlN. 
 Units GaN AlN Ref 
Crystal Structure --- Wurtzite Wurtzite  
Lattice constant, a Å 3.189 3.112 1,2 
Lattice constant, c Å 5.185 4.982 1,2 
Thermal expansion 1/K 
61059.5/ −×=∆ aa  
61019.3/ −×=∆ cc  
6102.4/ −×=∆ aa
6103.5/ −×=∆ cc  
3 
Density g.cm-3 6.15 3.23 4 
Static dielectric 
constant --- 8.9-10.4 8.5 8-12 
Band gap (300 K) eV 3.39 6.20 3,4 
Band gap type --- Direct Direct  
Electron effective 
mass 
me 0.22 0.33 - 0.48 
10,11, 
13,14 
Hole effective mass mo 1.5 1.5 11 
Ionicity % 24.24 29.26  
Thermal 
conductivity 
W.cm-1. 
K-1 1.3 3.2 3 
Refractive index --- 2.5 - 2.6  (λ = 415 nm) 
2.2 - 2.3 
(λ = 300 nm) 3,5-7 
Melting point oC 2800 3000 3,4 
 
 
1
 Vurgarftman and Meyer (2003)  2 Laügt et al. (2003) 3 Morkoc (1999) 
4 Nakamura (2000)  5 Tisch et al. (2001)  
6
 Antoine-Vincent et al. (2003) 7 Brunner et al. (1997) 8 Bougrov et al. (2001) 
 
9 Barker and Ilegems (1973) 10 Chin et al. (1994) 11 Steude et al. (1999) 
12 Strite and Morkoç (1992) 13 Collins et al. (1967) 14 Suzuki et al. (1995)  
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Chapter 4 
 
EXPERIMENTAL TECHNIQUES 
 
4.1 Introduction 
 
This chapter provides a brief theoretical overview of the experimental techniques utilised 
in this study. The theory of Hall effect measurements, as well as the dominant scattering 
mechanisms in AlxGa1-xN, will be presented, followed by a brief introduction to 
photoluminescence in semiconductors. As CV measurements only played a minor role in 
this investigation, this experimental technique will not be discussed.  
 
4.2 Hall effect measurements 
 
The Hall effect is a valuable tool for evaluating the electrical properties of 
semiconductors. When used in conjunction with the van der Pauw technique, Hall effect 
measurements yield an accurate assessment of the resistivity, mobility and carrier 
concentration of a semiconductor [Van der Pauw (1958)]. The theory of the Hall effect 
has been discussed by many authors, and therefore only a brief summary of the 
determination of the resistivity, mobility and carrier concentration will be presented. 
 
4.2.1 Resistivity measurements 
 
Figure 4.1 shows a thin layer of semiconductor material with four ohmic contacts placed 
in the corners of the sample. It is assumed that the contacts are all of equal area and that 
the contacts are arranged in a square on the sample. When a current density (J) passes 
through a semiconductor, an electric field (E) and a potential difference (V) are 
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established across the semiconductor. If the semiconductor obeys Ohm’s law then the 
electric field will be proportional to the current density.  That is,  
 
  J =  E                                                                                         … (4.1) 
 
where the constant of proportionality  is called the conductivity of the semiconductor. 
Often one refers to the resistivity () of a material rather that the conductivity (). These 
are reciprocal quantities related by:  
 
   = 1/                                                                                          … (4.2) 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.1 A semiconductor layer with four contacts on the surface. 
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The resistivity of a material may be calculated by measuring the average resistance 
between the contacts and substituting it into [Schroder (1998) p15]: 
 
  
2n
tR

piρ =                                                                                      … (4.3) 
 
where t is the thickness of the semiconductor and the resistance R is given by: 
 
R = {R12,34 + R23,41}/2 = {| (V12/I34) | + |(V23/V41)|}/2                 … (4.4) 
 
In Equation 4.4 V12/I34 means that the current was passed through contacts 3 and 4, while 
the voltage drop was measured across contacts 1 and 2. The voltages V12 and V23 
measured along the edges of the sample should be independent of the commutation of the 
current contacts. Thus, one would expect the resistances R12,34 and R23,41 to be equal. 
However, this is not generally the case due to errors introduced by different contact size, 
geometry and position. For samples with a ratio of R12,34/R23,41 other than unity, 
Newton’s iterative method may be used to determine the resistivity. If 0 is considered to 
be an initial trial solution then successive approximations are produced by the iteration 
[Weider (1976)]: 
 
  
( )
( )41,2334,12
2
1
1
RRt
n
nn βαpi
βαρρρ
+
−+
−=+                                                … (4.5) 
 
where t is the thickness of the layer and 
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The resistivity can accurately be determined by iterating Equation 4.5 until it converges, 
usually after four or five iterations. 
 
4.2.2 Carrier concentration and mobility measurements 
 
Figure 4.2 is a schematic illustration of a thin layer of semiconductor material placed in a 
magnetic field B. When the flow of conventional current through the semiconductor is 
perpendicular to the B-field, an electric field is induced that is perpendicular to both the 
current and the magnetic field. This electric field, EH, is called the Hall field and is 
defined by [Thomas (1986)]: 
 
  EH = RH (J x B)                                                                            … (4.6) 
 
where RH is the Hall coefficient, J is the current density and B is the applied magnetic 
field. 
 
 
 
 
 
 
 
 
Figure 4.2: Vector diagram illustrating the Hall effect. 
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If a current flows through the semiconductor from contact 1 to 3, then an electric field 
will be induced across contacts 2 and 4.  This can be measured as a voltage, called the 
Hall voltage, VH.  The Hall voltage cannot, however, be accurately determined from one 
measurement alone, as many associated effects also give rise to potentials across the 
contacts.   
 
The largest error in VH, called the IR effect, is introduced by the experimental difficulty in 
depositing the ohmic contacts in a perfect square.  If a current flows from contact 1 to 3 
in the absence of a magnetic field, then ideally no voltage should be measured across 
contacts 2 and 4.  If, however, the contacts are not perfectly aligned, a potential will be 
detected across contacts 2 and 4.  This potential can be of the order of the Hall voltage 
itself.   
 
The temperature of an object is determined by the average speeds of its electrons.  Since 
the electrons in a sample have a range of speeds governed by the Maxwell-Boltzmann 
speed distribution, the slower electrons will be deflected more than the faster ones in the 
presence of a magnetic field. The slower electrons will thus have less energy, and so 
more energy will be deflected to one side of the sample than the other. This is called the 
Ettingshausen effect, which results in the creation of a transverse temperature difference 
across the sample.   
 
The Nernst effect occurs when a temperature gradient exists across the sample.  Electrons 
diffusing along this temperature gradient will be deflected by the magnetic field, giving 
rise to a potential difference across the sample. 
 
The Righi-Leduc effect is similar to both the Nernst and Ettingshausen effects.  If a 
temperature gradient exists across the sample, and it is again assumed that the electrons 
have different velocities, then a second temperature gradient is set-up perpendicular to 
the first temperature gradient. 
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The voltage measured across contacts 2 and 4 in Figure 4.2 will thus be a combination of 
the Hall voltage and the above potentials.  That is, the total voltage V is: 
 
  V = VH + VE + VIR + VRL + VN                                                   … (4.7) 
 
where VH = Hall voltage 
 VE = voltage associated with the Ettingshausen effect  
 VIR = voltage due to the IR effect 
 VRL = voltage due to the Righi-Leduc effect 
 VN = voltage due to the Nernst effect 
 
All the above effects, with the exception of the Ettingshausen effect, can be eliminated by 
taking a series of 8 measurements, during which the magnetic field is reversed and the 
applied current is passed through all possible combinations of contacts.  If Vik is the 
voltage drop across contacts i and k upon application of a current Ijl through j and l, then 
the following 8 combinations will be measured: 
 
+B (Forward magnetic field) 
I13 ; V24 (= V1) = VH + VE + VIR + VRL + VN 
I31 ; V24 (= V2) = - VH - VE - VIR + VRL + VN 
I24 ; V31 (= V3) = VH + VE + VIR + VRL + VN 
I42 ; V31 (= V4) = - VH - VE - VIR + VRL + VN 
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-B (Reverse magnetic field) 
I13 ; V24 (= V5) = - VH - VE + VIR - VRL - VN 
I31 ; V24 (= V6) = VH + VE  - VIR  - VRL  - VN 
I24 ; V31 (= V7) = - VH - VE + VIR - VRL - VN 
I42 ; V31 (= V8) = VH + VE  - VIR  - VRL  - VN 
 
Regrouping the measured voltages in terms of the same contact configurations but 
opposite magnetic field eliminates the potential due to the IR effect, and yields 
 
E1 = V1 – V5 = 2VH + 2VE + 2VRL + 2VN 
E2 = V6 – V2 = 2VH  + 2VE  - 2VRL  - 2VN 
E3 = V3 – V7 = 2VH + 2VE + 2VRL + 2VN 
E4 = V8 – V4 = 2VH  + 2VE  - 2VRL  - 2VN      
 
The above set of equations can be manipulated to eliminate the potentials due to the 
Righi-Leduc and Nernst effects: 
 
  VH + VE = (E1 + E2 + E3 + E4)/8                                                  … (4.8) 
 
The Ettingshausen effect cannot be eliminated and can still influence the readings of the 
Hall voltage. The error in the Hall voltage can be minimised by taking a series of 
readings over a short period of time, and keeping the sample in good thermal contact with 
its surroundings.   
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The Hall coefficient, RH, can be obtained from [Thomas (1986)]: 
   
  
IB
tVR HH =                                                                                      … (4.9) 
 
where t is the layer thickness.  RH is positive for p-type semiconductors, and negative for 
n-type semiconductors. The Hall coefficient can be expressed in terms of the carrier 
concentration of the semiconductor by [Thomas (1986)]: 
  
en
rR HH =                                                                                     … (4.10) 
 
where rH is the Hall scattering factor, n is the carrier concentration and e is the electron 
charge. Rearranging Equation 4.10 yields the carrier concentration in terms of the Hall 
coefficient RH: 
 
  
eR
r
n
H
H
=                                                                                      … (4.11) 
The Hall scattering factor tends to unity for temperatures below 300 K, and is usually 
assumed to be equal to one, yielding [Morkoc (1999) p249]: 
 
   
eR
n
H
1
=                                                                                     … (4.12) 
The mobility of a semiconductor, H is given by the product of the Hall coefficient and 
the conductivity [Thomas (1986)]: 
 
  H = |RH|                                                                                   … (4.13) 
where  is the conductivity of the semiconductor. 
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It is because of these simple relationships between the Hall voltage, resistivity, carrier 
concentration and mobility that Hall effect measurements are so useful in the study of 
conduction processes in semiconductors. 
 
4.2.3 Variable temperature Hall effect measurements 
 
Room temperature Hall effect measurements are routinely used for obtaining the mobility 
and free carrier density of doped semiconductors.  Strictly speaking, the measured carrier 
density n (in n-type material) really refers to the ionised impurity concentration ND+ - NA-.  
However, at 300 K it is a good enough approximation to assume that all the shallow 
donors and acceptors are ionised, so that n = ND – NA.  It is possible to obtain the donor 
and acceptor concentrations from the temperature dependence of the free carrier 
concentration. 
 
Assuming a non-degenerate semiconductor with a single donor level of concentration ND 
which is compensated by acceptors of concentration NA, an analysis of the charge 
neutrality condition at a temperature T leads to the following [Blakemore (1962)]: 
 
( )






−





=
−−
+
kT
E
g
N
nNN
Nnn Dc
AD
A exp
0
00
                                            … (4.14) 
 
where n0 is the concentration of free electrons in the conduction band, g is the degeneracy 
factor (g = 2 for GaN), k is Boltzmann’s constant, ED is the ionisation energy of the donor 
level, and Nc is the density of states in the conduction band: 
 
  ( ) 2/32/22 hkTmNc ∗= pi                                                               … (4.15) 
where m* = 0.22me is the electron effective mass for n-GaN [Morkoc (1999) p81]. 
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Equation 4.14 can be simplified for certain conditions [Blakemore (1962)]: 
 
(1) At very low temperatures it can be assumed that the donor level will be de-ionised by 
electrons from the conduction band, such that n0 << NA, thus Equation 4.14 reduces 
to: 
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AD exp0                                                     … (4.16) 
 
(2) At slightly higher temperatures where NA is negligibly small: 
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0                                                               … (4.17) 
(3) At still higher temperatures, where ED << kT: 
 
AD NNn −≈0                                                                                       … (4.18) 
 
According to Equations 4.16 and 4.17, the slope and y-intercept of a log(n0) versus 1/T 
plot yields an approximation of the donor activation energy ED and the donor 
concentration ND. This procedure is only accurate if the concentration of compensating 
acceptors is low, and has the disadvantage of neglecting the temperature dependence of 
Nc. 
 
An exact solution for the donor and acceptor concentrations ND and NA of a sample may 
be determined by fitting a theoretically calculated n0 to the experimentally measured 
carrier concentration n. Solving Equation 4.14 for the concentration n0 yields 
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Equation 4.19 can be modelled to the experimentally obtained data using non-linear least 
squares curve fitting. This procedure involves adjusting the initial approximations of ND, 
NA and ED, obtained from solutions of Equations 4.16 and 4.17, until the root mean 
square [	(n0i/ni)2]1/2 is a minimum. n0i and ni are the calculated and experimental free 
carrier concentrations for temperature Ti, respectively. 
 
4.2.4 Scattering mechanisms  
 
Electrons and holes can lose their acquired drift velocity by a number of scattering 
mechanisms.  Figure 4.3 shows the various scattering mechanisms that occur in 
semiconductors [Look (1989)].  The dominant scattering mechanisms in GaN are 
deformation potential, piezoelectric, polar optical and ionised impurity scattering. 
 
The electron scattering mechanisms for GaN can be divided into two categories, namely 
those involving the lattice (lattice scattering) and those involving impurities (impurity 
scattering).   
 
Lattice scattering, also referred to as phonon scattering, refers to the collisions between 
carriers and phonons resulting from thermally agitated lattice atoms.  There are two types 
of lattice vibrations known as acoustic and optical.  The former has a longer wavelength, 
whereas optical phonons are associated with shorter wavelength vibrations.   
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In covalent semiconductors, acoustic and non-polar optical scattering and ionised 
impurity scattering dominate the mobility.  In polar semiconductors the longitudinal 
optical (LO) polar phonon scattering is the dominant scattering mechanism associated 
with lattice vibrations. The ionic nature of the bonds in these semiconductors is such that 
the neighbouring atoms move away from each other, causing an electric polarisation, 
which in turn causes an electric field to form. This field interacts with a moving charged 
particle. This interaction is called polar optical phonon scattering, and dominates at high 
temperatures. The temperature dependence of polar optical phonon scattering is very 
complicated, and as such is beyond the scope of this work For a detailed analysis of polar 
optical phonon scattering see Look (1989) p83 or Wolfe et al. (1989) p197. 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.3: An outline of the dominant scattering mechanisms in semiconductors 
[Look (1989)]. 
 
Acoustic-mode lattice vibrations induce changes in the lattice spacing, which changes the 
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deformation the crystal undergoes at these points. The mobility associated with 
deformation potential scattering can be described by [Look (1989)]: 
 
  ( ) 2/12/5
1
Tm
def
∗
≈µ                                                                      … (4.19) 
 
Furthermore, the lack of center symmetry in the nitrides causes them to be piezoelectric, 
which results in electrons being scattered by phonons. The mobility associated with 
piezoelectric scattering can be described by [Morkoc (1999) p239]: 
 
  ( ) 2/12/3
1
Tm
piezo
∗
≈µ                                                                    … (4.20) 
 
Impurities in a semiconductor can be divided into two classes: ionised and neutral 
impurities.  Ionised impurities scatter carriers through their screened Coulomb potential.  
This scattering mechanism is dominant at low temperatures because, as the thermal 
velocity of the carriers decreases, so the effect of long-range Coulombic interactions is 
increased.  The mobility associated with ionised impurity scattering can be described by 
[Morkoc (1999) p235]: 
 
  ( ) nm
T
i 2/1
2/3
∗
≈µ                                                                              … (4.21) 
 
Figure 4.4 depicts the temperature variation of mobility as a function of the more 
important scattering processes in GaN.  
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Figure 4.4: Calculated mobility curves for the more important scattering processes in 
GaN.  The solid circles represent the temperature dependence of the 
mobility of RMBE GaN [after Morkoc (1999) p256]. 
 
Figure 4.4 shows the dominant scattering mechanisms that limit the electron mobility in 
GaN [Morkoc (1999) p256].  Polar phonon, acoustic, piezoelectric and strain scattering 
limit the electron mobility at high temperatures, while at low temperatures ionised 
impurity scattering is dominant.  
 
The effect of strain due to the lattice mismatch between the GaN layer and sapphire 
substrate was required to obtain a good correlation between the experimental and 
theoretical data [Morkoc (1999) p256].  It is speculated that the mobility associated with 
strain scattering can be described by [Morkoc (1999) p256]: 
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×
≈µ                                                                             … (4.23) 
  
In AlxGa1-xN there is an additional important scattering mechanism, namely alloy 
scattering.  The random distribution of the constituent elements in AlxGa1-xN causes a 
fluctuation in the potential, which scatters the carriers [Morkoc (1999) p242].  Neglecting 
screening, the mobility limited by alloy scattering can be expressed as: 
 
  ( ) 2/12/5
1
Tm
al
∗
≈µ                                                                       … (4.24) 
 
It must be stated that the effect of alloy scattering is not yet fully understood, as 
experimental investigations of the transport properties of AlxGa1-xN are very few at this 
stage [Morkoc (1999) p245]. 
 
4.2.5 Hall effect experimental apparatus 
 
Hall effect measurements were performed between ~ 20 and 300 K using a closed cycle 
helium cryostat. The current to the sample was supplied using a Keithley model 224 
current source, and voltage measurements were performed using a HP 3478A multimeter. 
A switch control unit was used to select the various current and voltage configurations 
required for resistivity and Hall voltage measurements, as described in Section 3.5.2. A 5 
kGauss magnetic field, generated by an Oxford Instruments N100 electromagnet, was 
utilised in the measurement of the Hall voltage. All these instruments were computer 
controlled, using an in-house developed program based on VEE (Visual Environment 
Engineering) software marketed by Agilent Technologies. 
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4.3 Photoluminescence measurements 
 
4.3.1 Basic theory 
 
Photoluminescence (PL) occurs when a semiconductor is optically excited using a light 
source of greater energy than that of the band gap. Under illumination, electron-hole pairs 
(EHP1) are created in the material; these eventually recombine via several radiative 
and/or non-radiative processes. Figure 4.5 shows some of the possible radiative processes 
that can occur in a direct band gap semiconductor. At high temperatures the primary 
recombination channel is band-to-band recombination (1) (referring to Figure 4.5). In this 
process a free electron in the conduction band recombines with a free hole in the valence 
band emitting radiation. 
 
At low temperatures the EHP quickly forms an exciton due to the Coulombic attraction 
between the electron and hole. The energy of the free exciton is lower than that of the 
EHP by an amount Eex, the free exciton binding energy. In very pure material the exciton 
will remain free, and so free exciton (FX) recombination will dominate (2). If the 
material contains impurities, then the free exciton can bind to these, forming impurity-
bound excitons (3). In n-type material donor-bound excitons (DBE) are formed, while in 
p-type material acceptor-bound (ABE) excitons occur. The bound excitonic state will in 
turn be of lower energy than that of the FE by an amount Eb, the donor binding energy. 
Other transitions that can occur are free-to-bound transitions (4), where a free electron 
decays from the conduction band to an acceptor level, and bound-to bound (or donor-
acceptor) transitions where an electron decays from a donor to an acceptor level (5).  
 
 
 
                                                 
1
 In many semiconductor texts the abbrviation EHP is used for electron-hole plasma. 
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Figure 4.5: The common radiative transitions that occur in a semiconductor under 
illumination. Process (1) is band-to-band recombination, (2) is free exciton 
recombination, (3) is impurity-bound exciton recombination, (4) is free-to 
bound recombination, and (5) is bound-to-bound (donor-acceptor) 
recombination. 
Further theory required for the analysis of photoluminescence properties of GaN and 
AlxGa1-xN will be presented in Chapters 8 and 9.  
 
4.3.2 Experimental apparatus 
 
Figure 4.6 shows a schematic layout of the photoluminescence system utilised in this 
study. Measurements could be performed between ~ 10 and 300 K using a closed cycle 
helium cryostat. A frequency doubled Ar ion laser (λ = 244 nm) was used as the 
excitation source. The laser beam was focused and directed onto the sample using a 
simple convex lens and a small mirror, respectively, as shown in Figure 3.6. The emitted 
PL signal was then focussed onto the slit of the 0.75 m spectrometer using two convex 
lenses. The signal was then recorded and amplified using a GaAs photomultiplier tube 
Eb 
1 2 3 4 5 
Eex 
CONDUCTION BAND 
VALENCE BAND 
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and standard lock-in amplification techniques. Finally the PL data was collected and 
stored by a computer. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.6: A schematic layout of the photoluminescence system used in this work. 
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Chapter 5 
 
THE MOCVD GROWTH OF AlxGa1-xN 
 
5.1 Introduction 
 
Although GaN was first synthesised more than 70 years ago by Johnson et al. (1932), 
good quality material suitable for device manufacture was only grown in the 1990’s.  
Progress in the commercial development of the group III nitrides has been hampered by 
many factors, the most prominent being the lack of an efficient nitrogen source and no 
suitable substrate for homoepitaxial growth. The introduction of new growth techniques 
and the optimisation of growth equipment were required to achieve device quality 
material. MOCVD* (Metal Organic Chemical Vapour Deposition) has emerged to date as 
the most successful technique for the growth of nitrides. Other growth techniques, such 
as MBE (Molecular Beam Epitaxy) and HVPE (Hydride Vapour Phase Epitaxy) have 
also been used to varying degrees of success. For a recent review of the growth of GaN-
based materials using these techniques see Ruterana et al. (2003). 
 
The material characterised in this study was produced by MOCVD at the CRHEA-CNRS 
laboratory in Valbonne, France. At this point, I would like to clarify my involvement and 
contribution to the growth of the AlxGa1-xN samples. The growth process had been 
developed by Dr F. Omnès prior to the start of this study. During my stay at CRHEA I 
received training under Dr Omnès on the MOCVD growth process. Most of the undoped 
material was grown by Dr Omnès, while I grew the bulk of the doped samples under the 
supervision of Dr Omnès. 
 
This chapter will focus on the effect of the growth parameters, such as the growth 
pressure and Al mole fraction in the vapour phase, on the layer properties. The n-type 
doping of AlxGa1-xN, using silane, will also be presented. 
_________________________ 
* Other definitions are: OMVPE (Organo Metallic Vapour Phase Epitaxy) 
                                      MOVPE (Metal Organic Vapour Phase Epitaxy) 
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5.2 The MOCVD growth process 
 
MOCVD is a versatile growth technique utilised for the deposition of very high quality 
semiconductor epitaxial layers.  The principle behind the MOCVD growth process is 
quite simple; the constituent elements of the semiconductor required are supplied via gas 
sources, which are mixed over a heated susceptor.  The source gases then decompose 
(crack) and deposition occurs on the substrate, which is placed on the susceptor.  A 
simplified schematic of the MOCVD process is depicted in Figure 5.1. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5.1: Schematic outline of a III-V nitride MOCVD System. 
 
For the growth of GaN, the most commonly used precursors for the group III and V 
elements are trimethylgallium (TMG) and ammonia (NH3), respectively.  The 
organometallic TMG is stored as a high purity liquid within a stainless steel container, 
called a bubbler.  A certain amount of TMG can be transported to the reactor tube by 
TMG
 
TMA
 
MFC 
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passing a carrier gas, such as hydrogen or nitrogen, through the bubbler.  The ammonia is 
stored in a gas bottle and flows directly to the reactor.  In the reactor the precursors are 
cracked above the heated susceptor and deposited on the substrate.  Ternary alloys, such 
as InGaN and AlGaN, can be produced by the addition of other group V sources such as 
TMI (trimethylindium) and TMA (trimethylaluminium) during growth. 
 
5.2.1 Precursors used in MOCVD 
 
The selection of precursors used in MOCVD is of importance in the realisation of good 
quality GaN.  Chemical vendors constantly strive to produce high purity sources with 
reduced amounts of impurities, such as silicon and oxygen, as the precursor quality 
directly affects the quality of material grown.  Another area of concern is the pre-reaction 
of the organometallic sources with the high concentrations of ammonia used in the 
growth process.  This leads to the formation of adducts that seriously interfere with the 
growth process. 
Ga and Al sources:  The group III metal alkyls are the most common precursors selected 
for the growth of III-V nitrides, since they have reasonably high vapour pressures and can 
be delivered to the growth chamber using a hydrogen carrier gas.  A summary of the 
common group III precursors is presented in Table 5.1. 
 
Table 5.1: The common Ga and Al precursors. 
Element Compound Vapour Pressure (Torr, 300 K)* Chemical formula 
TMG 247 (CH3)3Ga 
Ga 
TEG 7.5 (C4H9)3Ga 
TMA 12.2 (CH3)3Al 
Al 
TEA 18.6 (C4H9)3Al 
____________________________ 
* Dupuis (1997) 
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Group V (Nitrogen) sources:  One of the major obstacles in the growth of GaN has been 
the lack of a suitable nitrogen precursor.  Nitrogen exhibits excellent stability and thus 
cannot be easily used for the growth of nitrides.  A large number of alternative nitrogen 
sources have thus had to be investigated, but ammonia remains the group V precursor of 
choice.  An overview of the group V precursors is provided in Table 5.2. 
 
Table 5.2: Nitrogen source materials. 
Nitrogen source Chemical 
formula 
Vapour pressure 
(Torr at 300 K)* 
Decomposition 
(%) 
Ammonia NH3 1932 40-50 (1050 ˚C) 
Hydrazine N2H4 10 100 (430 ˚C) 
Dimethylhydrazine (CH3)2NHNH2 157 100 (230 ˚C) 
 
Ammonia:  The most widely used nitrogen source so far in MOCVD has been ammonia.  
This precursor has, however, proved very problematic in the growth process.  NH3 
decomposes at the growth temperature almost entirely into very stable N2 and H2, thus 
very high V/III ratios are required to produce enough active species for growth to occur.  
Furthermore, very high growth temperatures are required, as the concentration of cracked 
NH3 is only 40-50 % at 1050 ˚C [Jain et al. (2000)]. 
 
A major disadvantage of the high growth temperatures required for NH3 is the limited 
choice of substrates that can be used.  Many candidates, such as GaAs, decompose at 
typical growth temperatures of 1050 ˚C.  The high growth temperature coupled with the 
low nitrogen vapour pressure during growth, also result in a high concentration of 
nitrogen vacancies in GaN.   
 
_____________________________ 
* Dupuis (1999) 
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Considerable research has, therefore, been performed towards the realisation of nitrogen 
sources that decompose more efficiently at lower temperatures, the two most promising 
candidates being hydrazine and dimethylhydrazine. 
 
Hydrazine:  The advantages of using hydrazine, as the nitrogen source is that it is 
efficiently cracked at temperatures above 400 ˚C.  Hydrazine also contains more nitrogen 
per unit weight than ammonia and it is a liquid that can be stored in a bubbler.  It is, 
however, very explosive when exposed to air, making handling very difficult. The major 
drawback of hydrazine is that the quality of material produced is considerably lower than 
films grown with NH3, while the background carrier concentrations are typically 
3x1019 cm –3.  This makes p-type doping very difficult [Nakamura (2000) p113]. 
 
Dimethylhydrazine:  This precursor has similar advantages as hydrazine, except that it 
is much less volatile.  It decomposes completely at 200 ˚C and is commercially available.  
High quality GaN has been grown using dimethylhydrazine, producing material with very 
similar background doping densities (n = 3 × 1017 cm-3), dislocation concentrations, and 
optical properties, as compared to material grown using ammonia [Yoshida et al. (1998) 
and Bourret-Courchesne et al. (2000)]. The lower growth temperatures facilitate epitaxy 
of GaN on materials such as GaAs and Si. The main drawback of dimethylhydrazine is 
that it is very costly, and as such it is usually used for the growth of specific materials 
that require low growth temperatures. The growth of nitrogen-containing arsenide 
compounds is usually performed using dimethylhydrazine as the nitrogen source 
[Ptak et al. (2002), Baskar et al. (2003) and Gao et al. (2004)]. 
 
5.2.2 Possible substrates for epitaxy 
 
The aim of epitaxial growth is to produce a defect-free layer on a bulk substrate.  Ideally 
the layer and the substrate will be of the same material, as is the case for GaAs epitaxy.  
Unfortunately, bulk crystals of GaN cannot be produced by conventional methods such as 
Czochralski or Bridgeman growth from stoichiometric melts.  This is due to the very high 
temperature and high nitrogen pressure required to produce molten GaN. 
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An alternative method of producing GaN crystals is the so-called high nitrogen pressure 
solution growth (HNPSG) method. In this method GaN crystals are grown from nitrogen 
solutions in pure liquid gallium, at pressures between 10-20 kbar and temperatures of 
1400-1600 °C [Grzegory et al. (2002)]. The crystals produced are in the form of 
hexagonal platelets, typically between 10 and 14 mm in diameter. Bulk GaN has also 
been produced by annealing Ga and Li3N in a furnace under N2 gas [Song et al. (2003), 
Song et al. (2004) and Aoki et al. (2004)]. These crystals are generally of a very high 
quality, ranging in diameter from 1 to 4 mm. 
 
The growth of very thick GaN layers on sapphire by HVPE has also been investigated. 
The thick GaN layer is then removed from the sapphire, and can then be used as a 
substrate for homoepitaxy [for example see Teisseyre et al. (1994), Miskys et al. (2000), 
Valcheva et al. (2001) and Gogova et al. (2004)]. These GaN substrates are not only very 
expensive, but are also not commercially available. Thus hetero-epitaxial growth has 
been the only option available for large-scale production up to now.  Many different 
substrates have been tried, the most successful material to date being sapphire. 
 
Sapphire:  The substrate most commonly used for the epitaxial growth of GaN is 
sapphire, orientated in the (0001) or c-plane.  The main reasons that have led to sapphire 
being the preferred substrate are its very high melting point, hexagonal crystal structure 
and the fact that large wafers are commercially available.  There are, however, two major 
disadvantages of using sapphire as a substrate: the large lattice mismatch between GaN 
and sapphire (16 %) causes many defects in the epitaxial layer, and sapphire is insulating, 
making back contacts for optoelectronic devices impossible. 
 
Silicon carbide:  SiC has been used as an alternative substrate for GaN growth both 
because of the closer match between its hexagonal structure and that of GaN (4 % lattice 
mismatch), and because it’s semiconducting properties allows for conducting substrates.  
SiC is, however, extremely expensive and most research facilities cannot afford to use 
SiC as a substrate. 
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Zinc oxide:  ZnO is a very promising substrate for the hetero-epitaxy of GaN.  ZnO has 
the wurtzite crystal structure and is only mismatched to GaN by 2.3 %.  An added 
advantage is that most acids easily remove ZnO, thus facilitating the production of free-
standing layers of GaN.  Progress in GaN growth on ZnO has been slow due to the fact 
that bulk ZnO substrates are only now becoming commercially available. Although very 
good quality GaN has been grown on ZnO, issues such as Zn and O contamination from 
the substrate, and the high reactivity between ammonia and ZnO still remain problems 
[Popovici et al. (1997), Hamdani et al. (1998) and Gu et al. (2004)]. Another problem is 
that ZnO is not stable at typical GaN growth temperatures. 
 
5.2.3 Growth procedure followed 
 
The MOCVD growth procedure for AlxGa1-xN can be divided into several important 
steps, each of which needs to be optimised to achieve high quality material.  Although the 
optimisation of each step is dependent on the reactor geometry, most nitride growers 
utilise a similar growth procedure.  Figure 5.2 shows a typical temperature cycle 
employed during the growth of AlxGa1-xN. 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5.2: Growth procedure of III-V nitrides. 
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The importance of each step has been investigated by various researchers, the results of 
which are summarised below: 
 
- Before starting any growth the substrate is baked out at a high temperature (900-
1100 °C) for 10 to 30 min in a hydrogen atmosphere.  The purpose of this step is 
to remove any contaminants on the sapphire surface.  This step replaces the 
conventional chemical degrease, with no deterioration in the epilayer quality 
[Keller et al. (1996)]. 
 
- The bake-out is followed by the nitridation of the sapphire surface by flowing 
NH3 over the substrate, thus terminating the dangling bonds at the surface 
[Uchida et al. (1996)].  
 
- The most crucial step in the whole process is the deposition of a GaN or AlN low 
temperature buffer layer.  A polycrystalline layer is formed at the low growth 
temperature, which allows continuous coverage of the surface. 
 
- During the ramp to the AlxGa1-xN growth temperature the buffer layer undergoes 
re-crystallisation.   
 
- The high quality AlxGa1-xN is then deposited at temperatures between 1000 and 
1100 °C.  
 
- The nitride layer is cooled in a NH3 ambient to prevent the formation of nitrogen 
vacancies. 
 
The typical growth procedure used for the growth of AlxGa1-xN in this study is shown in 
Table 5.3. Before each growth run the reactor tube had to be “degassed” by flowing 
hydrogen over the susceptor, which is heated to 1180 °C. The pressure in the reactor tube 
was maintained at 350 mbar, thus causing a hydrogen plasma, which etches the quartz 
reactor tube and the sapphire substrate. After 5 minutes, the power to the heater was 
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switched off, and ammonia was allowed into the reactor tube for 40 seconds. This is the 
so-called nitridation step, as explained above. This was then followed by the growth of 
either a GaN or AlN buffer layer, depending on the epilayer to be grown. GaN layers 
were grown using GaN buffer layers, while an AlN buffer was found to yield better 
AlxGa1-xN layers. After deposition of the buffer layer, growth of the thick epilayer was 
started. After growth, the epilayer was cooled in ammonia, for temperatures greater than 
500 °C. 
 
Table 5.3: The typical growth procedure utilized in the MOCVD growth of  
AlxGa1-xN. 
Process 
name 
Pressure 
(mbar) 
Susceptor 
temperature (°C) Gases flowing Time 
Degas 350 1180 H2 5 min 
Nitridation 50 Cooling from 1100 to 890 H2 + NH3 40 sec 
 GaN- 500 525 H2 + TMG + NH3 3 min 
Buffer 
growth 
AlN- 50 890 H2 + TMA + NH3 30 min 
AlxGa1-xN 
growth 20 - 50 1130 - 1180 
H2 + TMG + 
TMA + NH3 
60 min 
20 - 50 T > 500 H2 + NH3  
Cool down 
20 - 50 T < 500 H2  
 
 
5.2.4 The effect of the growth parameters on the structural properties of  
AlxGa1-xN. 
 
The effect of the growth parameters on GaN will not be discussed, as this has been 
widely reported on in literature [for example see Morkoç et al. (1999), Nakamura et al. 
(2000) and Ruterana et al. (2003)]. The growth of GaN was performed at 1130 °C at a 
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pressure of 50 mbar. The TMG and NH3 flow rates used were 63 
mol/min and 80 
mmol/min, respectively, resulting in a growth rate of 2.3 
m/hour. 
 
The growth of AlxGa1-xN was achieved by the simultaneous introduction of TMG, TMA 
and NH3 into the reactor tube. The Al incorporation rate was studied as a function of the 
Al partial pressure in the vapour phase, and as a function of growth pressure. Figure 5.3 
shows the Al composition of the layers as a function of Al fraction in the vapour phase. 
The layers were all grown at 1180 °C, at a pressure of 20 mbar. The Al content of the 
layers was determined using energy dispersive spectroscopy (EDS). Also shown is the 
data of Omnès et al. (1999), who performed a very similar growth study of AlxGa1-xN 
alloys, but with a higher growth pressure of 50 mbar.  
 
 
 
 
 
 
 
 
 
 
 
Figure 5.3: The relationship between the Al fraction in the vapour phase and the Al 
composition of the AlxGa1-xN layers, grown at a pressure of 20 mbar. Also 
shown is the data of Omnès et al. (1999), who performed growth at a 
pressure of 50 mbar. The lines are guides to the eye. 
 
In Figure 5.3 it is seen that the Al composition does not scale linearly with the Al fraction 
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alloys, and is attributed to a pre-reaction between the TMA and ammonia [Omnès et al. 
(1999) and Cho et al. (2000)]. It is evident from Figure 5.3 that the samples grown with a 
higher growth pressure (i.e. the data of Omnès et al. (1999)), exhibit a lower 
incorporation of Al into the solid phase. This can be qualitatively explained in terms of 
the time that the precursors have in which to mix before they flow over the substrate. The 
lower the pressure in the reactor tube, the less time the gases have to mix and form 
parasitic adducts, and thus the greater the amount of Al available for absorption during 
growth. Figure 5.4 shows the effect of the growth pressure on the Al incorporation and 
growth rate [Omnès (2004)]. For this set of samples the precursor flow rates and growth 
temperature were kept constant, while changing the growth pressure. 
 
 
 
 
 
 
 
 
 
 
 
Figure 5.4: The effect of the growth pressure on the Al incorporation and growth rate, 
for AlxGa1-xN grown by MOCVD [Omnès (2004)]. 
 
In Figure 5.4 it is seen that the Al incorporation is inversely proportional to the growth 
pressure. The growth rate is seen to initially increase sharply when the growth pressure is 
decreased from 50 to 40 mbar, where after the growth rate decreases with a further 
decrease in the growth pressure. As stated earlier, a reduction in growth pressure results 
in a faster flow of the precursors in the reactor tube. This has a double effect on the 
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growth: firstly, the adduct formation is reduced thus increasing the amount of Al 
available for absorption during growth (thus an increased growth rate) and secondly, the 
precursors spend less time in the vicinity of the substrate, thus resulting in a lower growth 
rate. In Figure 5.4 the growth rate increases sharply when the growth pressure is 
decreased from 50 to 40 mbar. This is due to a decrease in the adduct formation, while 
still allowing ample time for the deposition of the growth species onto the substrate. A 
further decrease in the growth pressure might result in even less adduct formation, but 
this is countered by the shortened time for deposition, resulting in an overall reduction in 
the growth rate. It is interesting to note, however, that even at the lowest growth pressure 
of 20 mbar, the growth rate is higher than that achieved at 50 mbar. 
 
5.3 The Si-doping of AlxGa1-xN alloys 
 
A comprehensive study of the n-type doping of GaN was not performed in this study, as 
this topic has already received much attention [for a recent review see Sheu and Chi 
(2002)]. In contrast, the n-type doping of AlxGa1-xN (x > 0) is not yet well understood, 
thus prompting a study of the properties of Si-doped Al0.23Ga0.77N and Al0.50Ga0.50N. A 
brief overview of the n-type doping of GaN using silane (SiH4) will be presented in this 
section, followed by the results of a study on the Si-doping of Al0.23Ga0.77N and 
Al0.50Ga0.50N. 
 
Si is the most widely used n-type dopant in nitrides, as Si substitutes at the gallium site 
due to the low covalent radii difference between Si and Ga, compared with the radii 
difference from nitrogen. Similarly, Ge has also been shown to be an effective n-type 
dopant for GaN [Sheu and Chi (2002)]. The most popular Si and Ge doping sources for 
MOCVD growth are of SiH4, Si2H6, and GeH4, respectively. Figure 5.5 shows the carrier 
concentrations of Si- and Ge-doped GaN layers as functions of the flow rates of SiH4, 
Si2H6, and GeH4 [after Sheu and Chi (2002)]. In Figure 5.5 the electron concentration is 
seen to scale linearly for all three dopant sources. The differences in doping efficiencies 
could be related to compensating acceptors, either due to different growth conditions or 
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impurity incorporation from the dopant source. With all three sources, a wide range of 
doping levels could be obtained.  
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5.5: Carrier concentrations of Si- and Ge-doped GaN layers as functions of the 
flow rates of SiH4, Si2H6, and GeH4 [after Sheu and Chi (2002)]. 
 
The effect of Si-doping on the Hall mobility of GaN has also been reported on [Sheu and 
Chi (2002)]. Figure 5.6 shows the dependence of the Hall mobility on the electron 
concentration of Si-doped GaN, measured at 300 K [after Sheu and Chi (2002)]. The 
mobility is seen to initially increase with slight Si-doping up to about 1 × 1017 cm-3, with 
higher electron concentrations resulting in a decrease in the Hall mobility. Theory and 
experimental results have shown the Hall mobility should decrease with increasing 
electron concentration, due to ionised impurity scattering [Sze (1981) p 29, and Look 
(1989) p 92]. The decrease in the Hall mobility for n > 1 × 1017 cm-3 is thus attributed to 
increased ionised impurity scattering, while the increase in mobility when going from 
undoped to slightly Si-doped material could be related to changes in the structural or 
transport properties. It has been shown that Si-doping improves the crystalline quality of 
GaN by reducing the threading dislocation density [Cho et al. (2001a)]. Thus slight Si-
doping could yield higher mobility values. Another mechanism that could play a role is 
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electron conduction through both defect centers and the conduction band [Molnar et al. 
(1993) and Sheu and Chi (2002)].  The mobility of conduction band electrons is much 
higher than that of electrons moving in a defect band [Molnar et al. (1993)]. Thus 
increasing the Si doping increases the number of conduction band electrons and hence the 
mobility.  
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5.6: The dependence of the Hall mobility on the electron concentration of Si-
doped GaN, measured at 300 K [after Sheu and Chi (2002)]. 
 
The temperature dependence of Si-doped GaN has also been extensively studied, with 
many reports on the Si-donor activation energy, ED, being published. Typical values of 
ED vary between 18 and 5 meV for Si-doped GaN [Götz et al. (1996) and Nakamura et 
al. (2000) p83]. This will be discussed in more detail in Chapter 6. 
 
A comprehensive investigation of the Si-doping of Al0.23Ga0.77N using silane was 
performed in this study. Figure 5.7 shows the room temperature electron concentration 
and mobility as a function of silane flow, for a set of Al0.23Ga0.77N samples. No electrical 
measurements could be performed on undoped material, due to the highly resistive nature 
of such samples ( > 106 ohm.cm).  
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Figure 5.7: The room temperature electron concentration (circles) and mobility 
(squares) as a function of silane flow, for a set of Al0.23Ga0.77N samples, 
measured by the Hall effect. 
 
It is evident from Figure 5.7 that the electron concentration of the Al0.23Ga0.77N layers 
does not increase linearly with the silane flow, as is the case for GaN (see Figure 5.5). It 
is also clear from Figure 5.7 that the mobility is very dependent on the silane flow.  It is 
believed that the trend evidenced in Figure 5.7 could be related to both the crystal quality 
and to defects in the layers.  This will be discussed in more detail in Chapter 6.  
 
It was also found that at higher compositions (x = 0.41 and 0.50) an increase in the 
doping level resulted in an increase in the mobility. For Al0.41Ga0.59N, the mobility 
increased from 12.5 cm2/V.s to 25 cm2/V.s, when the electron concentration changed 
from 1.6 × 1018 cm-3 to 1.8 × 1018 cm-3. At x = 0.50, the effect was even more 
pronounced:  the mobility increased from essentially zero to 11 cm2/V.s when the 
electron concentration was increased from ~ 7 × 1017 cm-3 to 1.2 × 1018 cm-3. However, 
due to time constraints, no comprehensive studies were performed at these compositions. 
The electrical properties of these layers will be discussed in more detail in the next 
chapter. 
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5.4 Conclusions 
 
The growth of undoped and Si-doped AlxGa1-xN, by MOCVD, has been presented in this 
chapter. The GaN growth process was not given much attention in this chapter, as it has 
been extensively studied by many groups over the last decade. The growth of AlxGa1-xN, 
on the other hand, has not received much attention in recent times, and as such, the effect 
of the growth parameters on the layer properties was studied and presented. It was found 
that the Al content in the layers did not scale linearly with the Al fraction in the vapour 
phase, and that the Al incorporation was dependent on the growth pressure. This 
prompted a study of the effect of the growth pressure on the AlxGa1-xN layer properties, 
which revealed that the layer properties, such as the Al content and the growth rate, were 
critically dependent on the growth pressure.  
 
The study of the Si-doping of Al0.23Ga0.77N was also presented. It was seen that silane is 
an effective n-type dopant for AlxGa1-xN. Furthermore, it was observed that the electron 
concentration did not scale linearly with the silane flow, as was the case in GaN. It was 
also seen that the electron mobility of the layers increased with slight Si-doping, possibly 
due to an improvement in the crystalline quality and/or a change in the conduction 
mechanism. At higher doping levels the mobility was seen to decrease with increased 
doping due to ionised impurity scattering.  
 
It was also found that at higher compositions (x = 0.41 and 0.50) an increase in the 
doping level resulted in an increase in the mobility. A comprehensive study of the Si-
doping of AlxGa1-xN at these compositions still needs to be performed. 
 
The electrical properties of the AlxGa1-xN layers grown in this study will be presented in 
more detail in Chapter 6. 
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Chapter 6 
 
THE ELECTRICAL CHARACTERISATION OF GaN AND AlxGa1-xN 
 
6.1 Introduction 
 
The electrical properties of undoped and Si-doped AlxGa1-xN will be presented in this 
chapter. Various techniques, including capacitance-voltage (CV), and variable- and room 
temperature Hall effect measurements have been utilised in this study. Before presenting 
the results of this study, a brief overview of some of the electrical properties of AlxGa1-xN 
will be given. 
 
6.1.1 Previous studies performed on GaN 
 
This overview of the electrical properties will be limited to GaN grown on sapphire 
substrates, since not only is it the substrate used in this study, but it is known that the 
substrate used greatly affects the electrical properties of the GaN epilayer. It is seen in 
literature that there is a wide spread in the residual carrier concentration of GaN. For 
undoped MOCVD-grown material, the reported carrier concentration values typically 
range between 8 × 1016 cm-3 [Hwang et al. (1997) and Cheong et al. (2000)] and 
8 × 1017 cm-3 [Xu et al. (2000) and Oila et al. (2001)]. For MBE-grown material the 
spread in the reported residual carrier concentration is even greater; from insulating ( = 
106 – 108 .cm [Look et al. (1996) and Kim et al. (1996), respectively] or very small 
residual dopant concentrations (n = 3 - 4 × 1016 cm-3 [Kim et al. (1997) and Grandjean et 
al. (1998)]) to highly conductive material (n = 3 × 1019 cm-3 [Kim et al. (1996)]). The 
residual carrier concentration of HVPE-grown material is critically dependent on the 
layer thickness, with thin layers having higher carrier concentrations (n = 1.9 × 1017 cm-3 
[Look and Molnar (1997)]) than very thick material (n = (0.5 -2) × 1016 cm-3 [Wysmolek 
et al. (2002) and Freitas et al. (2002), respectively]). Thus it is evident that there is a 
large spread in the reported residual carrier concentration in GaN layers grown on 
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sapphire. This is caused by many factors, including differing growth conditions used for 
the buffer and epilayers growth, different growth methods employed, and varying gas and 
precursor qualities. 
 
6.1.2 Previous studies performed on AlxGa1-xN 
 
The spread in the reported residual carrier concentration values for AlxGa1-xN (x > 0) is 
very similar to that of GaN, except that there is the added complication that the carrier 
concentration of both doped and undoped material decreases with increasing x [Yoshida 
et al. (1982), Khan et al. (1983), Zhang et al. (1995), Polyakov et al. (1998a), Nam et al. 
(2002) and Wagener et al. (2003)]. Figure 6.1 shows how the reported carrier 
concentration of undoped AlxGa1-xN varies with x [Zhang et al. (1995) and Nam et al. 
(2002)2].  
 
 
 
 
 
 
 
 
 
 
 
Figure 6.1: The variation in the reported carrier concentration of undoped  
AlxGa1-xN with x [Zhang et al. (1995) and Nam et al. (2002)1].  
                                                 
2
  In the report of Nam et al. (2002) the carrier concentration of the undoped Al0.3Ga0.7N sample 
is given as n = 3.81 × 1018 cm-3. This value is incorrect, and should read n = 3.81 × 1017 cm-3 
[Private communication from H. X. Jiang]. 
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It needs to be pointed out that although Figure 6.1 is not representative of all the reported 
residual carrier concentration values of AlxGa1-xN, it does show the undisputed trend of 
decreasing carrier concentration with increasing Al content. The reported values of the 
carrier concentration of undoped AlxGa1-xN vary greatly, even at the same composition. 
This is very evident when looking at the reported values of the residual carrier 
concentration for low Al containing AlxGa1-xN alloys. Samples grown by Yoshida et al. 
(1982) exhibited carrier concentrations of the order of n = 1020 cm-3, while those of Khan 
et al. (1983) and Polyakov et al. (1996) had values in the range of n = 1019 cm-3. This 
may be attributed in part to the vast improvement in precursor quality over the last 20 
years. The samples of Zhang et al. (1995) had carrier concentration values in the range of 
n = 1018 cm-3, while those of Polyakov et al. (1998a) and Nam et al. (2002) were 
typically in the n = 1017 cm-3 range. Polyakov et al. (1998a) also showed that by using 
higher growth temperatures, the carrier concentration of undoped AlxGa1-xN could be 
reduced to about n = 1014 cm-3. In all these reports the samples became highly resistive 
when x > 0.5. 
 
The origin of the n-type conductivity of undoped AlxGa1-xN could be due to intrinsic 
defects and/or impurity incorporation during growth. The possible intrinsic defects in 
GaN are Ga and N vacancies and interstitials, i.e. VGa, and VN, as well as Gai and Ni. 
Theoretical studies have shown that at typical GaN growth temperatures, the formation of 
VGa, and VN is energetically favourable, but that the formation of Gai and Ni is unlikely 
[Neugebauer and Van de Walle (1994)]. The VN has been shown to be a donor in GaN 
(ED ~ 75 meV), but no donor-bound excitons involving the VN have been observed [Look 
et al. (2003)]. Calculations have shown that the VGa is a deep acceptor, possibly 
responsible for the so-called “yellow luminescence” in GaN [Neugebauer and Van de 
Walle (1996)]. This yellow luminescence is a broad band occurring between 2.0 and 
2.4 eV. It has subsequently been observed that gallium vacancies do indeed contribute to 
the yellow luminescence in GaN [Armitage et al. (2003)]. The yellow luminescence in 
GaN will be further discussed in Chapter 8. 
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In AlxGa1-xN the formation of Al vacancies and interstitials, i.e. VAl, and Ali, are also 
possible. Calculations of the formation energies of these defects are performed for GaN 
and AlN, with the energies for AlxGa1-xN being obtained from interpolating between the 
binaries [Mattila and Nieminen (1997) and Van de Walle and Neugerbauer (2004)]. In 
AlN, the formation of the VAl is energetically favourable, but Ali is not [Van de Walle 
and Neugebauer (2004)]. Combining this with the energetically favourable defects for 
GaN, one finds that VGa, VAl, and VN are the possible native defects occurring in AlxGa1-
xN. 
 
The most common impurities in AlxGa1-xN are O and Si, common contaminants in the 
MOCVD growth process. The presence of both Si and O has been confirmed by 
performing secondary ion mass spectrometry (SIMS) on GaN and AlxGa1-xN [Götz et al. 
(1996a) and Parish et al. (2000)]. TMA is a known source of O, while H2O in the 
ammonia can also introduce O [Parish et al. (2000)]. Si contamination also could 
originate from the organometallic sources, as well as from the quartz reactor tube. 
 
Returning to Figure 6.1, the cause of the high n-type conductivity is most likely due to Si 
and/or O impurities. The large spread in the reported carrier concentration values could 
be related to varying precursor and gas qualities, as well as differing growth conditions.  
It is unlikely that intrinsic defects play a significant role as the Ga and Al vacancies are 
both acceptors, while experiments have shown that the nitrogen vacancy is a donor with 
ED ~ 75 meV [Look et al. (1997)], and thus will be frozen-out at room temperature. 
Previous studies have shown that O becomes a DX-centre in AlxGa1-xN for x > 0.27 
[McCluskey et al. (1998)], as predicted by theory [Park and Chadi (1997) and Van de 
Walle (1997)]. This would explain the sudden decrease in the carrier concentration of 
undoped AlxGa1-xN if O is the main impurity. In the case of Si, a possible deepening of 
the Si donor level or a transformation from the shallow effective mass state (EMS) to the 
deep DX-state could be causing the decrease in the measured carrier concentration. At 
present no consensus exists in the theoretical calculations on the Si DX-centre formation 
in AlxGa1-xN. Calculations by Park and Chadi (1997) have shown that Si can form 
metastable and stable DX-centres in AlxGa1-xN alloys. Furthermore it was found that the 
  
58 
58 
DX-centre is metastable in GaN but stable in AlN. The DX-centre formation energies in 
GaN and AlN indicated that in AlxGa1-xN alloys, shallow Si donors should become self-
compensated by DX-centres as the Al mole fraction increases. By linear interpolation, it 
was shown that the transformation from the shallow EMS to the DX state should occur at 
approximately x = 0.24 in hexagonal AlxGa1-xN [Park and Chadi (1997)]. Calculations by 
Van de Walle (1998), on the other hand, have shown that the formation of the Si DX-
centre in AlxGa1-xN (0  x  1) is energetically unfavourable.  
Experimental results are also not in agreement as to whether Si becomes a DX-centre in 
AlxGa1-xN.  DX-centre behaviour has been reported in Si-doped AlN, 
[Zeisel et al. (2000)] and AlxGa1-xN layers [Skierbiszewski et al. (1999) and Brandt et al.  
(2003)], while McCluskey et al. (1998) did not find any evidence of Si becoming a DX-
centre in Al0.44Ga0.56N. The possible transformation of Si from a shallow donor to a deep 
DX-centre will be discussed later in this chapter. 
 
6.2 300 K Hall effect and capacitance-voltage measurements 
 
The room temperature electrical properties of a set of Si-doped AlxGa1-xN samples were 
studied using Hall effect and capacitance-voltage (CV) measurements. A series of 
samples was grown with differing Al contents, but with a fixed silane flow during 
growth. Ohmic contacts were manufactured by evaporating Ti followed by Al, and then 
annealing at 500 °C. This forms a very good ohmic contact, with low contact resistivity, 
as has been shown in literature [Luther et al. (1997) and Tan et al. (2000)]. Schottky 
contacts were fabricated by evaporating thick Ni contacts.* Ni has been shown to produce 
Schottky contacts with very good barrier heights and ideality factors [Qiao et al. (2000)]. 
In order to minimize any series resistance effects and to ensure that the ionisation of the 
Si donor state responds to the measuring rate, the CV measurements were performed with 
a 100 kHz pulsing step of 15 mV. 
 
                                                 
*
 The deposition of the Ni Schottky contacts, as well as the CV measurements, were performed 
by Dr Magnus Wagener at CRHEA. 
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Previous reports have shown that the deepening of the Si donor level results in a dramatic 
reduction in the free carrier concentration in AlxGa1-xN [Ahoujja et al. (2002)]. The 
presence of any compensating acceptors will result in a further reduction in the free 
carrier concentration. In order to distinguish the effects of the donor deepening and that 
of compensation, both variable-frequency CV and Hall effect measurements were 
performed to extract the respective ND – NA and free electron concentration, n. If the 
frequency used in performing the CV measurements is below the donor emission rate, 
then the donor ionisation can respond to the changes in the space-charge edge, yielding 
the total ND – NA concentration instead of the free electron concentration [Dueñas et al. 
(1987)]. Figure 6.2 shows the room temperature electrical properties of Si-doped AlxGa1-
xN, as determined by CV and Hall effect measurements. 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 6.2: The compositional dependence of the free carrier, n, and ND – NA 
concentrations of Si-doped AlxGa1-xN, as determined at room temperature 
by Hall effect and CV measurements. Also shown are the Hall mobility 
values as a function of the Al content x. The solid lines are guides to the 
eye. 
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In Figure 6.2 it is seen that for lower compositions (x  0.4) the measured n and ND –NA 
values correspond quite well. This correlation is as to be expected for a shallow Si donor, 
in which case the majority of the Si donors are ionised at room temperature. For 
compositions above x = 0.4, however, the two techniques yield progressively different 
results. The value of ND – NA is seen to gradually decrease with increasing x, while a 
faster decrease in the free carrier concentration is observed. The sharp decrease in n is 
attributed to the deepening of the Si donor level, while the decrease in ND –NA suggests 
an increase in the number of compensating acceptors NA. By performing optical 
isothermal capacitance transient spectroscopy (O-ICTS) on this set of samples, this was 
indeed found to be the case [Wagener et al. (2003)]. Two defect bands below midgap in 
the low 1017 cm-3 range were identified, and assigned to the triple and double ionisation 
states of the Al vacancy, respectively [Wagener et al. (2003)]. 
 
The mobility of the samples was also found to decrease sharply with increasing x. This 
could be due to a number of factors, such as the increase in the number of compensating 
acceptors, a deterioration of the material quality resulting in cracks and an increase in the 
number of extended defects. At a composition of x = 0.5 even though a fairly high ND  – 
NA value of 8 × 1017 cm-3 was measured, no Hall effect measurements could be 
performed due to the very high resistivity of the sample. 
 
6.3 Variable temperature Hall effect measurements 
 
6.3.1 Conduction along the sapphire/AlxGa1-xN interface 
 
It has been mentioned that there is a large lattice constant mismatch and thermal 
expansion coefficient mismatch between AlxGa1-xN and sapphire.  This causes the 
formation of a thin, highly dislocated region at the AlxGa1-xN/sapphire interface 
[Hiramatsu et al. (1991), Xu et al. (2000) and Cho et al. (2001b)].  The structural and 
electrical properties of this region have been well studied for GaN [Look and 
Molnar (1997), Xu et al. (2000), Mavroidis et al. (2001) and Xu et al. (2001)]; however, 
little is known about the properties of this interfacial layer for AlxGa1-xN. 
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Götz et al. (1997) progressively thinned a 13 
m-thick HVPE GaN layer down to 1.2 
m, 
and showed that the conductance did not scale down linearly, but that a significant 
component existed at or near the interface.  Look and Molnar (1997) performed variable 
temperature Hall effect measurements on HVPE GaN and discovered that both the carrier 
concentration and mobility values were constant below 30 K.  This was attributed to the 
formation of a degenerate layer at the interface, which facilitated ionised impurity 
conduction at low temperatures.  This assumption was based on the fact that the carrier 
concentration and mobility of a degenerate semiconductor is independent of temperature 
[Sze (1981)].  The measured values were subsequently corrected using a two-layer model 
and it was noticed that not only the carrier concentration, but also the mobility are 
affected over the entire temperature range [Look and Molnar (1997)].  Xu et al. (2001) 
performed electrical measurements and secondary ion-mass spectroscopy (SIMS) on 
MOCVD grown GaN, and also found that both the carrier concentration and mobility 
values were constant below ~30 K. Their SIMS measurements showed a very high 
concentration of O, Al and Si, and severe N depletion, in the first 0.2 µm of the GaN 
layer. This could account for the conduction at the interface since O, Si and the N-
vacancy are donors in GaN, while Al incorporating at Ga sites would reduce the number 
of compensating Ga vacancies [Xu et al. (2001)]. 
 
Conduction near the epilayer/sapphire interface has also been measured in AlxGa1-xN 
alloys, for 0.1  x  0.3 [Ahoujja et al. (2002) and James et al. (2003)]. Again the carrier 
concentration and mobility values were independent of temperature below about 30 K, 
thus necessitating the correction of the measured values using the two-layer model 
introduced by Look and Molnar (1997). 
 
We now discuss the two-layer model of Look and Molnar (1997). In deriving the relevant 
equations pertaining to Hall effect measurements, it is assumed that the semiconductor 
material is homogeneous [Sze (1981)].  Let us assume that epitaxially grown GaN 
consists of two distinct layers, each with its own carrier concentration and mobility.  The 
electrical properties of the top or bulk layer need to be separated from those of the 
degenerate interfacial layer.  The relevant relationships for a two-layer analysis are: 
  
62 
62 
 
  = 1 + 2 = e (
H1nH1 + 
H2nH2)                                                    … (6.1) 
 
 
 R()2 = R1(1)2 + R2(2)2 = e [(
H12)nH1 + (
H22)nH2]             … (6.2) 
 
 
where  is the conductivity, R is the Hall coefficient, 
Hi is the Hall mobility, and nHi is 
the sheet Hall carrier concentration of layer i [Look (1989)].  For plotting purposes, both 
layers are normalised to the bulk thickness d; i.e., Equations 6.1 and 6.2 are divided by d.  
Equations 6.1 and 6.2 can be rewritten in terms of the normally measured quantities, 
H 
and nH, to yield: 
 
                                          
                        … (6.3a)                                        
 
 
 nH =             … (6.3b)  
 
 
 
   =          … (6.3c) 
 
 
 
    
=            … (6.4) 
 
 
 
At low temperatures (T < 30 K) the measured carrier concentration and mobility can be 
assumed to be that of the degenerate interfacial layer [Look et al. (1997)].  The carrier 
concentration and mobility are generally temperature independent below 30 K, and can 
be substituted into Equations 6.3 and 6.4 to yield the bulk carrier concentration (nH1) and 
mobility (
H1), respectively [Look and Molnar (1997)]. 
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H1 =               … (6.5) 
 
  
 nH1 =              … (6.6) 
 
 
The donor and acceptor concentrations, as well as the donor ionisation energy, can be 
obtained by fitting Equation 4.19 to the plot of the bulk carrier concentration versus 
temperature.  The dominant scattering mechanisms can be obtained from the plot of the 
bulk mobility versus temperature, as discussed in Section 4.2.5. 
 
6.3.2 Hall effect measurements performed on Si-doped GaN 
 
The undoped GaN layers grown in this study were found to be highly resistive ( > 
106 .cm). This is an indication of very low impurity levels, although compensating 
defects could also be present. Photoluminescence results, to be presented in Chapter 8, 
confirmed that the material was of high purity. As stated in Section 5.3, n-type doping 
was achieved using silane gas. Figure 6.3 shows the temperature dependence of the 
carrier concentration of a Si-doped GaN layer, grown by MOCVD on sapphire. The 
measured carrier concentration (open circles) is seen to initially decrease with decreasing 
temperature due to carrier freeze-out. Upon further cooling, the carrier concentration 
increases and finally remains constant below about 30 K. This trend is typical of the 
temperature dependence of the measured carrier concentration for GaN grown on 
sapphire [see for example Look and Molnar (1997) and Xu et al. (2001)]. This is an 
indication that the degenerate interfacial layer is dominant at very low T so that nH = 
nH2/d [Look and Molnar (1997)].   
 
From Figure 6.3, the carrier concentration of the interfacial layer, nH2/d, is nH = nH2/d = 
1.2 × 1018 cm-3, which is in good agreement with the value of  2 × 1018 cm-3 reported by 
Xu et al. (2000) for MOCVD GaN. If the source of the interfacial electrons is the 2000 Å 
thick highly defected region [Look and Molnar (1997)], then the volume density of 
(
H nH – 
H2 n2/d)2 
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2
 n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electrons in this region is nH = nH2/2000 Å  1 × 1019 cm-3. Clearly, this electron 
concentration would be expected to be degenerate and temperature independent, since the 
concentration at which the Fermi level enters the conduction band is about 6 × 1018 cm-3  
at 300 K [Look and Molnar (1997)]. 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 6.3: The measured and corrected carrier concentration of Si-doped GaN, as a 
function of reciprocal temperature. 
 
The measured carrier concentration values were then corrected using Equation 6.6 (with 
µH2 = 53 cm2.V-1.s-1, as will be shown later in this chapter) and are shown as solid 
squares in Figure 6.3. The corrected 300 K carrier concentration was found to be 1.3 × 
1018 cm-3, compared to the measured value of 1.4 × 1018 cm-3. The temperature 
dependence of the corrected carrier concentration data can then be analysed to yield the 
values of the donor concentration (ND), the acceptor concentration (NA) and the donor 
activation energy (ED), as explained in Chapter 4.2.3. The ND, NA, and ED values used to 
generate the fit are also given in Figure 6.3.  
 
The donor activation energy was found to be ED = (6 ± 0.5) meV. This activation energy 
is smaller than the value of 12 meV reported by Götz et al. (1996a) but very similar to the 
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value of 5 meV reported by Nakamura et al. (2000) p83, both measured in Si-doped GaN.  
These ED values are much lower than those of undoped GaN (ED = 16 - 17 meV), due to 
screening effects. In Si-doped GaN, it has been shown that ED decreases with increasing 
doping, according to the relation [Meyer et al. (1995)]: 
 
  
3/1
0 DDD NEE α−=                                                                    … (6.7) 
 
where ED0 is the theoretical Si activation energy at very low doping, and  is the 
screening factor. Using the ED0 and  values from literature of 30 meV 
[Moore et al. (2002)] and 2.1 × 10-5 meV.cm [Meyer et al. (1995)] respectively, and the 
ND value of 2.9 × 1018 cm-3 obtained in Figure 6.3, a donor activation energy of 0.1 meV 
is obtained. If, however, the corrected room temperature carrier concentration of n = 1.3 
× 1018 cm-3 is used, then Equation 6.7 yields an activation energy of about 7 meV, very 
close to the value obtained in Figure 6.3. Thus it seems that Equation 4.19 overestimates 
the value of ND. Although this was also found to be the case for Si-doped AlxGa1-
xN [Ahoujja et al. (2002)], the origin of this phenomenon is not yet known. 
 
The temperature dependence of the mobility of Si-doped GaN was also studied. This is 
useful not only in identifying the dominant scattering mechanisms, but also in obtaining 
the low temperature mobility µH2, which together with the low temperature carrier 
concentration is used in correcting the measured electrical data for the bulk layer. Figure 
6.4 shows the measured and corrected mobility values as a function of temperature for a 
Si-doped GaN sample. 
 
The trend in the mobility with decreasing temperature observed in Figure 6.4 is typical 
for GaN. With decreasing temperature the mobility first increases, reaching a maximum 
at about 200 K, and then subsequently decreases with decreasing temperature. From the 
carrier concentration measurements (Figure 6.3) it was assumed that below 30 K the 
material is degenerate. This should result in the mobility being independent of 
temperature below 30 K, but this is not the case. It is evident that the measured mobility 
at low temperatures is not constant.  Xu et al. (2000) also observed that the mobility of 
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MOCVD GaN was not constant below 30 K, but decreased with decreasing temperature.  
This could be due to hopping conduction in the layer. The value of 
H2, estimated to be 4 
cm2.V-1.s-1 at 10 K, was very similar to the value of  7 cm2.V-1.s-1 obtained by Xu et al. 
(2000). The corrected mobility in Figure 6.4 was obtained by substituting the values of 

H, 
H2, nH and nH2/d into Equation 6.5. 
Figure 6.4: Measured and corrected Hall mobility of a Si-doped GaN layer, as a 
function of temperature. 
 
The temperature dependence of the corrected mobility was used to identify the dominant 
scattering mechanisms in GaN. It was stated in Section 4.2.4 that the dominant scattering 
mechanism in GaN at high temperatures (T > 200 K) is polar optical phonon scattering; 
while at lower temperatures a combination of ionised impurity and piezoelectric 
scattering limits the electron mobility.  For T < 200 K the temperature dependence of the 
mobility of the GaN is an indication that ionised impurity scattering is the dominant 
scattering mechanism in this temperature range.  The power law exponent of 1.6 is very 
similar to the value of 1.5 reported by Götz et al. (1996b) for MOCVD GaN.  It can thus 
be assumed that for T < 200 K, ionised impurity scattering is the dominant scattering 
process in the GaN layer. 
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The scattering processes occurring at higher temperatures could not be accurately 
determined within the measured temperature range. Measurements at higher temperatures 
would be required to ascertain if indeed polar optical phonon scattering is the dominant 
mechanism at high temperatures. In literature the mobility of GaN is seen to decrease at 
high temperature, but there is a large spread in the reported power law exponents from -1 
to -2.8 [Nakamura et al. (2000) p82 and Götz et al. (1996b), respectively.  
 
6.3.3 Hall effect measurements performed on Si-doped Al0.23Ga0.77N 
 
In Section 6.1.2 it was mentioned that the n-type doping of AlxGa1-xN is not well 
understood, and furthermore, that the few reports on this topic are not in agreement. With 
this in mind, a comprehensive study of the Si-doping of Al0.23Ga0.77N was undertaken. 
Although the room temperature electrical properties of Si- doped Al0.23Ga0.77N were 
presented in Section 5.3, these results will be briefly discussed here as they serve as the 
starting point for this section. Figure 6.5 shows the room temperature carrier 
concentration and mobility values for a set of Si-doped Al0.23Ga0.77N layers, obtained 
from Hall effect measurements (same as Figure 5.7). 
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Figure 6.5: The room temperature electron concentration and mobility as a function of 
silane flow, for a set of Al0.23Ga0.77N samples. 
It is evident from Figure 6.5 that the carrier concentration of the Al0.23Ga0.77N layers does 
not increase linearly with the silane flow, as is the case for GaN (see Figure 5.5). It is 
clear from Figure 6.5 that the mobility is very dependent on the silane flow too. 
 
Very few other studies on the effect of Si-doping on the electrical properties of AlxGa1-xN 
have been performed. Lee (2002) reported that for Al0.15Ga0.85N, the electron 
concentration increased, but did not scale linearly with the silane flow, and that the 
mobility decreased with increasing doping.  It should be noted, however, that the Hall 
effect measurements performed by Lee (2002) could be erroneous, due to the fact that the 
150 nm Al0.15Ga0.85N layers were grown on a 1.7 µm thick GaN layer.  Nam et al. (2002) 
found that for Al0.3Ga0.7N the mobility first increased and then decreased with increasing 
doping, in good agreement with the trend observed in Figure 5.7. A similar trend in the 
mobility as a function of doping has been already reported for GaN (see Figure 5.6). It is 
believed that the trend evidenced in Figure 6.5 could be related to both the crystal quality 
and to defects in the layers.  Cho et al. (2001b), using transmission electron microscopy 
and X-ray diffraction, studied the effect of Si-doping on the structural properties of 
Al0.13Ga0.87N and found that the density of threading dislocations first decreased with 
increasing Si doping, and then subsequently increased again. Thus Si doping can improve 
the crystalline quality of the layers, thereby increasing the mobility.  Another mechanism 
that could play a role is electron conduction through both defect centers and the 
conduction band, as was explained for Si-doped GaN.  
 
The electrical properties of these layers were then further studied using variable 
temperature Hall effect measurements. Figure 6.6 shows the temperature dependence of 
the measured carrier concentration for two Si-doped Al0.23Ga0.77N layers. For both 
samples the carrier concentration is seen to decrease with decreasing temperature, due to 
carrier freeze-out, reaching a minimum at about 150 K. Upon further cooling the carrier 
concentration increases and eventually remains constant below about 50 K. This is the 
same trend that was observed for the Si-doped GaN layer (see Figure 6.3), and which is 
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attributed to conduction through a degenerate layer at the epilayer/sapphire substrate.  
From Figure 6.6 it is clear that the low temperature carrier concentration values are 
dependent on the doping level. This is interesting as the degenerate layer at the 
epilayer/sapphire substrate has been thought to be due to the lattice parameter and 
thermal expansion coefficient mismatches, and thus should be doping independent. 
Figure 6.7 shows the measured low temperature (30 K) carrier concentration as a function 
of the measured 300 K carrier concentration for this set of Si-doped Al0.23Ga0.77N 
samples. 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 6.6: The temperature dependence of the measured carrier concentration of two 
Si-doped Al0.23Ga0.77N samples. 
 
From Figure 6.7 it is clear that the low temperature carrier concentration scales linearly 
with the 300 K carrier concentration. As mentioned earlier, this is odd as at these 
temperatures the Si donors should all be frozen out, and as such the measured conduction 
should occur in the defect band near the interface. Possible explanations for this are that 
hopping conduction between the neutral Si donors could be occurring, or that Si-doping 
could result in a higher Si concentration at the epilayer/sapphire substrate.  
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Figure 6.7: Measured low temperature carrier concentration of Si-doped Al0.23Ga0.77N, 
as a function of the measured 300 K carrier concentration. 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 6.8: The corrected carrier concentration of two Si-doped Al0.23Ga0.77N layers, 
as a function of reciprocal temperature. The solid lines are fits to the data 
using Equation 4.19. 
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The two-layer model was then applied to all the measured carrier concentration data, to 
extract the true or corrected carrier concentration values. Figure 6.8 shows the corrected 
carrier concentration of the two Si-doped Al0.23Ga0.77N layers, as a function of reciprocal 
temperature. The solid lines are fits to the data using Equation 4.19.  
 
From Figure 6.8 it is seen that the Si activation energy decreases with increasing doping, 
as expected due to screening effects. A good fit to all the data using Equation 4.19 could 
only be obtained down to about 100 K. Ahoujja et al.(2002), who are the only other 
group to have reported on the correction of the electrical data of Si-doped AlxGa1-xN, 
using the two-layer model, found the same trend. The deviation of the data from the fit 
could possibly be due to the presence of a shallower donor(s) state, or it could be an 
artefact resulting from the correction procedure. In any case, this is not a major problem 
as the temperature range over which the data could be fitted is indeed the donor freeze-
out region. From Equation 6.7 it is seen that ED should vary as ND1/3, but as it has been 
seen that the value of ND obtained using Equation 4.19 is overestimated, ED is plotted as a 
function of the carrier concentration. Figure 6.9 shows the Si-activation energies ED of 
Si-doped Al0.23Ga0.77N as a function of the measured and corrected carrier concentrations, 
respectively. The solid lines are fits to the data using Equation 6.7. Also shown in Figure 
6.9 are the reported values of the activation energies of Si-doped AlxGa1-xN (x ~ 0.23) 
[Polyakov et al. (1998b) and Ahoujja et al. (2002)]. 
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Figure 6.9: The Hall effect activation energy ED of Si-doped Al0.23Ga0.77N as a 
function of the measured and corrected carrier concentration values. The 
solid lines are linear fits to the ED data using Equation 6.7. Also shown are 
the reported ED energies of Si-doped AlxGa1-xN (x ~ 0.23) [Polyakov et al. 
(1998b) and Ahoujja et al. (2002)]. 
 
In order to be able to apply Equation 6.7, an estimate of ED0 is required. A value of ED0 = 
39.5 meV for Al0.23Ga0.77N was obtained using linear interpolations for the electron 
effective masses and static dielectric constants between GaN (me = 0.22 m0, ε = 9.7) 
[Steude et al. (1999)] and AlN (me = 0.33 m0, ε = 6.3) [Steude et al. (1999)], and the 
value of ED0 = 30 meV for Si in GaN [Moore et al. (2002)]. From Figure 6.9 it is evident 
that ED follows the trend predicted by Equation 6.7, using both the measured and 
corrected carrier concentration values. Two screening factors, , are obtained, one from 
the corrected and one from the measured carrier concentration values. For ED plotted as a 
function of the corrected carrier concentration a screening factor of 2.6 × 10-5 meV.cm is 
measured. If, however, the measured 300 K value of n is used, a screening factor of α = 
1.9 × 10-5 meV.cm is obtained, in very good agreement with the reported value in GaN (α 
= 2.1 × 10-5 meV.cm) [Meyer et al. (1995)]. A good correlation is also found between the 
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ED values measured in this work, and with those of literature [Polyakov et al. (1998b) 
and Ahoujja et al. (2002)].  
 
The temperature dependence of the Hall mobility was also studied. Figure 6.10 shows the 
measured mobility for three Si-doped Al0.23Ga0.77N layers. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 6.10: The temperature dependence of the measured mobility of three Si-doped 
Al0.23Ga0.77N layers. The inset shows the variation of the mobility 
measured at 300 K as a function of the silane flow (from Figure 6.5). 
 
The trend in the temperature dependence of the Hall mobility for Si-doped Al0.23Ga0.77N 
is very similar to that observed in GaN. In Figure 6.10 the mobility values of all the 
samples generally decrease slowly with decreasing temperature, until about 250 K. Upon 
further cooling the mobility values decrease at a faster rate until about 30 K, where after 
the mobility values remain constant. This is again further evidence that degenerate 
conduction is occurring below 30 K, and as such the measured mobility values were 
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corrected using Equation 6.5. Figure 6.11 shows the temperature dependence of the 
corrected mobility for the same three Si-doped Al0.23Ga0.77N layers. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 6.11: The temperature dependence of the corrected Hall mobility for the three 
Si-doped Al0.23Ga0.77N layers. 
 
The temperature dependence of the corrected mobility was studied to identify the 
dominant scattering mechanisms in Al0.23Ga0.77N. The mobility of the Al0.23Ga0.77N has a 
distinct power law dependence on temperature for T < 200 K, with a power law exponent 
of 0.3 - 0.4.  The low value of the power law exponent is an indication that ionised 
impurity scattering is not the only scattering mechanism occurring in this temperature 
range, but that piezoelectric and alloy scattering also affect the electron mobility in this 
region [Gaska et al. (1998)].   
 
6.3.4 Hall effect measurements performed on Si-doped Al0.50Ga0.50N 
 
A study of the electrical properties of Si-doped Al0.50Ga0.50N was also performed. Figure 
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Al0.50Ga0.50N as a function of silane flow. For various reasons a comprehensive study of 
the Si-doping of Al0.50Ga0.50N alloys could not be performed. However, from Figure 6.12 
it is seen that the carrier concentration increases with the silane flow, and that the 
mobility is greatly improved at high doping levels. As only a few samples were grown 
and studied, caution must be taken when trying to show a trend from Figure 6.12. 
However, Nam et al. (2002) reported a very similar trend in the mobility of Si-doped 
Al0.50Ga0.50N, as a function of silane flow. Possible explanations of this sudden increase 
in the mobility could be related to an improvement in the crystal structure, and/or due to a 
change in the conduction mechanism, as was postulated for the Al0.23Ga0.77N samples. 
This is indeed a very interesting topic, which needs further study. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 6.12: The room temperature carrier concentration and mobility values of 
Al0.50Ga0.50N as a function of silane flow. 
 
Variable temperature Hall effect measurements were also performed on these samples. 
However, the moderately Si-doped sample (n = 7 × 1017 cm-3) became highly resistive 
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highly doped Al0.50Ga0.50N sample, as a function of the reciprocal temperature. In Figure 
6.13 the measured carrier concentration initially decreases with decreasing temperature, 
down to approximately 200 K, with further cooling resulting in an increase in the 
measured carrier concentration. Below about 70 K the Hall voltage becomes very small, 
making accurate Hall effect measurements not possible. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 6.13: The measured carrier concentration of the highly doped Al0.50Ga0.50N 
sample, as a function of the reciprocal temperature. The inset shows the 
freeze-out region, over which ED has been estimated. 
 
The overall trend in the measured carrier concentration is very similar to that observed 
for Si-doped GaN and Al0.23Ga0.77N (Figures 6.3 and 6.6). The increase in the measured 
carrier concentration below 200 K observed in Figure 6.13 is attributed to conduction in 
the defect layer at the epilayer/sapphire substrate and/or hopping conduction occurring 
along the neutral Si donor atoms. In order to correct for these effects using Equation 6.6, 
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the low temperature (T < 30 K) Hall mobility and carrier concentration values are 
needed. These values could not be measured as the sample exhibited very low Hall 
voltages and high resistivity values below 70 K. The inset in Figure 6.13 shows a 
magnified graph of the freeze-out region for the Si-doped Al0.50Ga0.50N sample. The 
activation energy was estimated using Equation 4.19, and was found to be about (7 -
 9) meV. This value is quite close to the ED = 12 meV reported by Taniyasu et al. (2002), 
but much lower than that of ED = 68 meV reported by Ahoujja et al. (2002). Polyakov et 
al. (1998a) reported ED values of ~ 50 meV for Al0.4Ga0.6N and 90 meV for Al0.6Ga0.4N, 
and interpolating between these values gives an estimate of ED = 70 meV for 
Al0.50Ga0.50N. All these ED values have been estimated from uncorrected Hall effect 
data. The low ED value obtained in this study for Si-doped Al0.50Ga0.50N could be related 
to the high doping level, but it could also be inaccurate due to the limited temperature 
region over which the carrier freeze-out was measured. Hall effect measurements at 
temperatures above 300 K are required to accurately determine the Si activation energy.   
 
The temperature dependence of the measured Hall mobility was also studied. Figure 6.14 
shows the temperature dependence of the highly Si-doped Al0.50Ga0.50N sample. The 
mobility is seen to decrease from about 11 cm2/V.s at 300 K, to essentially zero at low 
temperatures (T < 50 K). The temperature power coefficient of ~ 1.9 is much larger than 
the value of (0.3 – 0.4) found for Si-doped Al0.23Ga0.77N. This is possibly due to the much 
higher doping level, and as such ionised impurity should be more prevalent. The 
measured mobility values could not be corrected using Equation 6.5 as the low 
temperature (T < 30 K) Hall mobility and carrier concentration values could not be 
measured due to the high sample resistivity and low Hall voltage. 
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Figure 6.14: The temperature dependence of the measured Hall mobility for Si-doped 
Al0.50Ga0.50N. 
 
6.3.5 The activation energy of Si-doped AlxGa1-xN as a function of the Al content 
 
The results of temperature dependent Hall effect measurements performed on a set of 
AlxGa1-xN samples grown with a constant Si-doping level will now be presented. The 
room temperature electrical properties of these samples were presented in Figure 6.2. As 
the temperature dependence of the carrier concentration and Hall mobility of Si-doped 
GaN, Al0.23Ga0.77N Al0.50Ga0.50N have already been presented and discussed; only the Si 
activation energy variation with the Al content will be shown in this section. The 
variation of the Si activation energy, ED, as a function of x, measured for Si-doped 
AlxGa1-xN, is shown in Figure 6.15. Temperature dependent Hall effect measurements 
could only be performed up to x = 0.4, as at higher compositions the samples became 
very resistive below room temperature and exhibited very small Hall voltages. 
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Also shown in Figure 6.15 is the low doping Si-activation energy EDO as a function of x. 
EDO was calculated using the hydrogen-atom model for a shallow effective mass-like 
state donor [Sze (1981) p22)]: 
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where 0ε is the permittivity of free space, sε is the permittivity of the semiconductor, 
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0
xm
m
m
e=
∗ is the electron effective mass, and HE = 13.6 eV is the ionisation energy of 
the hydrogen atom. The ratio 
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
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ε
ε S
 is also called the static dielectric constant. It is 
assumed that for AlxGa1-xN )(xε and )(xme  vary linearly between the GaN and AlN 
values. For GaN, ε = 9.5 - 9.7 [(Barker and Ilegems (1973), Steude et al. (1999) and 
Strite and Morkoç (1992)] and em = 0.22 [Chin et al. (1994), Steude et al. (1999) and 
Suzuki et al. (1995)]. For AlN, however, there is a large variation in the reported ε and 
em values. The reported values of ε range between 6.3 and 9.4 [Goldberg (2001), Collins 
et al. (1967), Chin et al. (1994) and Steude et al. (1999)], while em varies between 0.33 
and 0.48 [Collins et al. (1967), Chin et al. (1994), Steude et al. (1999) and Suzuki et al. 
(1995)]. This results in the large uncertainty in EDO for x > 0.6, as shown in Figure 6.14. 
 
As was shown in Figure 6.9, ED is lowered from EDO due to electron screening effects. 
Using Equation 6.7, and assuming a screening factor of  = 1.92 × 10-5 meV.cm (as 
measured for Al0.23Ga0.77N) and a donor concentration of n ~ 1.2 × 1018 cm-3, an 
estimation of the theoretical ED versus x variation can be obtained. This is shown as the 
shaded light blue region in Figure 6.15. Again a large uncertainty in the ED values is 
obtained when x > 0.6, due to the large scatter in the reported ε and em values of AlN. 
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Figure 6.15: The dependence of the Si activation energy ED as a function of x, for Si-
doped AlxGa1-xN. Also shown is the theoretical dependence of EDO and ED 
on the Al content x. 
 
In Figure 6.15 the measured ED values are seen to increase with x, due to the increase in 
the electron effective mass )(xme  and decrease in the static dielectric constant )(xε , 
with increasing x. Furthermore, this increase seems to follow the trend predicted by the 
hydrogen model, if the lowering of EDO due to electron screening is taken into account. In 
order to facilitate a comparison between the ED values found in this study, and those of 
literature, both the measured and reported ED values are plotted in Figure 6.16. 
 
From Figure 6.16 it is clear that there is a large scatter in the reported ED values of 
AlxGa1-xN as a function of x. For 0  x  0.25, the ED values obtained in this study 
correlate well with those of Polyakov et al. (1998a), Ahoujja et al. (2002) and 
Katsuragawa et al. (1998) (not shown in Figure 6.16). For x > 0.25 the measured ED 
energies are lower those of Polyakov et al. (1998a) and Ahoujja et al. (2002), but larger 
than those of Taniyasu et al. (2002). The activation energies reported by Zeisel et al. 
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(2000) are much larger than all the other ED values over the entire composition range. It 
needs to be pointed out though, that Zeisel et al. (2000) determined ED from the 
temperature dependence of the resistivity, and not from the carrier concentration values, 
as was the case for all the other ED values in Figure 6.16. ED values obtained from the 
temperature dependence of the resistivity are only accurate if the mobility is temperature 
independent, which is not the case in good quality GaN and AlxGa1-xN (for example see 
Figures 6.4 and 6.10). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 6.16: The Si activation energies for Si-doped AlxGa1-xN as a function of the Al 
content x, obtained in this study and from literature 
[Polyakov et al. (1998a), Zeisel et al. (2000), Ahoujja et al. (2002) and 
Taniyasu et al. (2002).] 
 
Another possible cause of the large scatter in ED values from group to group could be 
related to the Si-doping level. However, this does not seem to be the case, as the samples 
of Zeisel et al. (2000) are very highly doped (NSi = 3 × 1019 cm-3), those studied in this 
work, Polyakov et al. (1998a) and Ahoujja et al. (2002) moderately doped (NSi = 1-
4 × 1018 cm-3), while those of Taniyasu et al. (2002) have a doping concentration of NSi  
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1 × 1018 cm-3). Thus from Equation 6.7, it would be expected that the samples of Zeisel et 
al. (2000) should have the lowest ED values, while those of Taniyasu et al. (2002), the 
highest, while in fact the opposite is observed. 
 
A further origin of the high ED values obtained by Zeisel et al. (2000) could be Si self-
compensation. At x = 0.49, Taniyasu et al. (2002) found that the measured electron 
concentration saturated at a certain silane flow rate (NSi = 1 × 1019 cm-3), and higher 
doping levels caused the samples to become highly resistive. The samples of Zeisel et al. 
(2000) could thus be self-compensated by Si, explaining the fact that they could not 
perform Hall effect measurements. This high degree of compensation could then also be 
responsible for the high activation energies measured in these samples [Zeisel et al. 
(2000)].  
 
6.4 Persistent photoconductivity measurements 
 
The electrical properties of Si-doped AlxGa1-xN were further investigated using persistent 
photoconductivity (PPC) measurements. PPC behaviour has already been observed in 
both undoped, O- and Si-doped material, with many possible origins, such as DX-centre 
formation and alloy disorder, being proposed [McCluskey et al. (1998), Polyakov et al. 
(1998a) and Brandt et al. (2003)]. 
 
PPC measurements were performed to investigate the possible transformation of Si from 
a shallow EMS donor to a deep DX-centre. It was mentioned in Section 6.2.2 that at 
present no consensus exists in the theoretical calculations or experimental reports for the 
formation of the Si DX-centre in AlxGa1-xN. In order to test whether Si is becoming a 
DX-centre in AlxGa1-xN, low temperature PPC measurements were performed on Si-
doped Al0.23Ga0.77N and Al0.50Ga0.50N. Figures 6.17 and 6.18 show the low temperature 
resistivity as a function of time, of Si-doped Al0.23Ga0.77N and Al0.50Ga0.50N.  
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Figure 6.17: The time dependence of the resistivity of Si-doped Al0.23Ga0.77N, before 
and after illumination with a 20 mW blue LED. 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 6.18: The time dependence of the resistivity of Si-doped Al0.50Ga0.50N, before 
and after illumination with a 20 mW blue LED. 
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The samples were cooled down in the dark, and illuminated using a 20 mW blue LED. In 
both samples, the resistivity was seen to decrease sharply upon illumination, eventually 
saturating with time. After the LED was switched off, an increase in the resistivity was 
measured, but in both samples the resistivity did not recover to the original dark value. 
 
It is interesting that a far larger persistent photocurrent is measured in the Al0.50Ga0.50N 
sample after LED is switched off. Although this is an indication that DX-centres could be 
present, PPC alone does not prove that the Si donors are forming DX-centres. Other 
mechanisms, such as deep levels, impurities and defects, have been shown to cause PPC 
in GaN [J. Z. Li et al. (1996), Johnson et al. (1996), Chen et al. (1997), Beadie et al. 
(1997), Qiu and Pankove (1997) and Hirsch et al. (1997)], while in AlxGa1-xN PPC, due 
to alloy disorder, has also been measured [Polyakov et al. (1998a) and Zeng et al. 
(2000)].  
 
Another factor that needs consideration is the variation of the Si activation ED with x. In 
Figure 6.15 it was shown that ED increases with x, in good agreement with the theoretical 
energies for a shallow EMS, at least up to x = 0.4. In undoped and group IV-doped 
AlGaAs, a sudden increase in ED was observed for x > ~ 0.3, which was attributed to DX-
centre formation [see Dobaczewski et al. (1992) and references therein]. Thus one would 
expect a sudden increase in ED for x > ~ (0.2 – 0.3), if indeed Si were becoming a DX-
centre in AlxGa1-xN. This does not seem to be the case for the samples studied in this 
work, at least for x  0.4. Furthermore, if a shallow donor exhibits DX-centre behaviour 
in GaN when the sample is under a large hydrostatic pressure, then it is likely to be a DX-
centre in AlxGa1-xN. However, Si-doped GaN shows no DX-centre behaviour, even up to 
a hydrostatic pressure of 25 GPa [Wetzel et al. (2001)]. This, coupled with the fact that 
conducting AlxGa1-xN layers have been grown over the entire composition [Taniyasu et 
al. (2002)] is further evidence that Si would not form a DX-centre in AlxGa1-xN. 
 
On the other hand O has been shown to form a DX-centre in GaN under hydrostatic 
pressures greater than 20 GPa [Wetzel et al. (2001)], while in AlxGa1-xN O becomes a 
DX-centre for x > ~ 0.3 [McCluskey et al. (1998)]. Thus the PPC observed in Figures 
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6.17 and 6.18 could be due to the factors mentioned above (deep levels, defects, and alloy 
disorder) as well as O impurities. Oxygen is a known impurity in TMA, and it can also 
originate from the sapphire substrates. 
 
Taking into account these arguments and the PPC behaviour observed, our results do not 
show conclusive evidence that Si becomes a DX-centre in AlxGa1-xN for the composition 
range studied (x  0.5). Further measurements, such as EPR spectroscopy, are thus 
required to conclusively show that Si is becoming a DX-centre in the samples studied in 
this work. 
 
6.5 Conclusions 
 
The electrical properties of Si-doped AlxGa1-xN have been studied using various 
techniques, including capacitance-voltage (CV), and variable- and room temperature Hall 
effect measurements. The main conclusions that can be drawn from this investigation of 
the electrical properties of AlxGa1-xN are summarised below: 
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 In all AlxGa1-xN (0  x  0.5) 
conduction at the epilayer/sapphire 
interface was observed. The measured 
data was corrected using a two-layer 
Hall model. The corrected data was 
then analysed to yield the Si-donor 
activation energy ED. 
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 For Si-doped AlxGa1-xN (x = 0.23 and 
0.5) the mobility was seen to be 
doping dependent. Possibly due to an 
improvement of the layers or a 
change in the conduction mechanism. 
 
 The room temperature carrier 
concentration increased with silane 
flow, but not linearly, as is the case 
for GaN. 
 
 For Al0.23Ga0.77N the Si activation 
energy ED decreased with increased 
doping according to the relation: 
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 Two screening factors were obtained 
(using the measured and corrected n), 
in good agreement with the GaN 
screening factor for Si-doped 
material. 
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 The variation of ED as a function of x 
was obtained from the temperature 
dependence of the carrier 
concentration. 
 
 ED was found to increase with x, in 
accordance with the hydrogen model 
for a shallow EMS donor, if electron 
screening was taken into account. It 
was seen that Si remains an EMS up 
to x = 0.4. 
 
 PPC was observed at low temperature 
(23 K) in Si-doped AlxGa1-xN (x = 
0.23 and 0.5).  
 
 PPC in Si-doped AlxGa1-xN is usually 
attributed to the formation of the Si 
DX-centre, but it was shown that this 
is unlikely in our samples. Possible 
origins of the PPC signal include the 
O DX-centre, deep levels, impurities, 
and/or defects. 
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Chapter 7 
 
ULTRAVIOLET TRANSMISSION SPECTROSCOPY OF GaN AND AlGaN 
 
7.1 Introduction 
 
Transmission spectroscopy is a very powerful technique for studying the optical 
properties of a semiconductor, including the band gap energy and refractive index. Both 
of these properties of a material are indispensable for the design of semiconductor 
devices. In this chapter the optical properties of undoped and Si-doped AlxGa1-xN, 
obtained using room temperature ultraviolet transmission (UV) spectroscopy, will be 
presented. The UV transmission measurements were performed using a Shimidzu 
spectrometer. 
 
7.2 Ultraviolet transmission spectroscopy of GaN 
 
7.2.1 Band gap determination 
 
Figure 7.1 shows the transmission versus wavelength spectrum of an undoped GaN layer, 
measured at room temperature. The spectrum is characteristic of good quality GaN [for 
example see Muth et al. (1997) and Yu et al. (1997)], with a sharp cut-off in the 
transmitted light being observed for wavelengths less than about 370 nm. Strong 
interference fringes are observed for higher wavelengths, an indication of the good 
surface morphology. 
 
Also shown in Figure 7.1 is the transmission spectrum of the sapphire substrate. The 
percentage transmission through the sapphire is considerably lower than reported by Yu 
et al. (1997), mainly due to the fact that the back surface of the sapphire substrate is not 
polished, resulting in scattering of the transmitted light. No interference fringes were 
observed in the spectrum of the sapphire substrate, as has been previously reported [Yu et 
al. (1997)].  
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Figure 7.1: The UV transmission spectra of undoped GaN and a sapphire substrate, 
measured at room temperature. 
 
As stated earlier, many important optical properties, such as the band gap energy and 
refractive index, can be obtained from the transmission spectrum of a sample. 
Considering a sample of uniform thickness t, the intensity of transmitted light, I , is given 
by: 
 
  )(exp0 tII α−=                                                                        … (7.1) 
 
where 0I is the incident light intensity and α is defined as the absorption coefficient. 
According to Tauc et al. (1966), for a direct band gap semiconductor the incident photon 
frequency ν and α can be related via the expression: 
 
  hvEhvA g /)( 2/1−=α                                                              … (7.2) 
 
where A is a constant and gE is the band gap energy. Since the transmission is defined as 
( )0/ II , the band gap energy can be obtained from Equations 7.1 and 7.2 by plotting 
( )2hvα as a function of energy, and then extrapolating the ( )2hvα data to zero. This is 
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shown in Figure 7.2. A band gap energy of (3.39 ± 0.01) eV at room temperature was 
obtained for this sample, in good agreement with reported Eg values obtained from 
transmission measurements [Maruska and Tietjen (1969), Brunner et al. (1997), Yu et al. 
(1997) and Huang and Harris (1998)]. It is immediately evident that this technique does 
not yield the band gap with a great degree of accuracy, and thus small variations in the 
band gap, due to factors such as doping and strain, will not be measured.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 7.2: A plot of ( )2hvα versus energy for an undoped GaN sample, in order to 
determine the room temperature band gap energy. 
 
It also needs to be pointed out that Equation 7.2 is only valid in the case where exciton 
absorption can be neglected. For GaN however, at room temperature, excitonic 
absorption is still quite strong, and as such excitonic and not band gap absorption 
dominates. Unless the sample is very thin (about 0.1 
m) the procedure shown in Figure 
7.2 results in an underestimation of the band gap energy of between 40 –50 meV for 
GaN, and more for AlxGa1-xN, where the band tailing is larger.  
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7.2.2 Determination of the index of refraction 
 
The theory required for the determination of the refractive index of a thin film on a 
transparent substrate will now be briefly presented. Figure 7.3 shows a schematic 
diagram of a thin film on a transparent substrate. The film has a thickness t and a 
refractive index n, while the substrate has a thickness several orders of magnitude greater 
than t and a refractive index s. The index of refraction of the surrounding air is assumed 
to be n0 = 1. 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 7.3: Geometry of a thin film on a thick transparent substrate. 
 
Firstly, the transmission through the substrate alone, ST , is considered. ST is given by the 
following expression: 
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or   
1
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s
sTS                                                                                  … (7.5) 
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                                                                 … (7.6) 
 
Now the transmission through a thin film on a transparent substrate is considered. The 
well known equation for the formation of interference fringes is: 
 
  Mmnt λ=2      (for maxima)                                                      … (7.7) 
 
where n is the refractive index, iλ  is the wavelength at which a specific maximum ( )Mλ  
or minimum ( )mλ  occurs , and m is an integer for maxima and half integer for minima. 
The order m is calculated from a plot of m versus ( )Mλ  or ( )mλ , and then extrapolating to 
zero. If t is known, the index of refraction can then be obtained as a function of 
wavelength from Equation 7.7. Figure 7.4 shows the index of refraction of the undoped 
GaN sample, as a function of wavelength, obtained using this method. As expected, n 
decreases with decreasing energy (increasing wavelength), as has been previously 
reported for GaN [Brunner et al. (1997) and Yu et al. (1997)]. For incident wavelengths 
near to the band edge, the index of refraction was found to be approximately 2.60, in 
good agreement with Brunner et al. (1997) and Yu et al. (1997). 
 
This method is very simple, and has the advantage that the values of n obtained are 
independent of the intensity of the transmitted light. However, it is clear that the accurate 
determination of the film thickness is critical. For the undoped GaN layer, the film 
thickness was measured to be (1.8 ± 0.1) µm, resulting in a large error in the refractive 
index, as indicated by the large error bars in Figure 7.4. Note that an error in the thickness 
determination will result in an equal shift of all the data points. As such the error bars 
represent the error in the collective data shift, and not the error between data points taken 
at different wavelengths. 
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Another method that does not require the layer thickness can also be used to determine n. 
In the wavelength region of weak and medium absorption (  ~ 400 nm in Figure 7.1) n 
is given by [Swanepoel (1983)]: 
 
  
( ) 2/122 sNNn −+=                                                               … (7.8) 
where 
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where MT and mT are the transmission values at ( )Mλ  and ( )mλ , respectively. This method 
is not suitable for our samples, since the rough sapphire surface results in a lowering of 
MT and mT , as well as an overestimation of s (from Equation 7.6). Thus the refractive 
index values obtained using Equation 7.9 are very inaccurate. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 7.4: The index of refraction of undoped GaN as a function of energy, measured 
at room temperature. 
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The optical properties of Si-doped GaN were then studied. Figure 7.5 shows the room 
temperature transmission spectrum of a Si-doped GaN sample (n = 1.4 x 1018 cm-3). The 
transmission spectrum of the doped layer also has a cut-off wavelength of about 370 nm, 
with regular interference fringes being observed up to about 460 nm. For high 
wavelengths, a strange behaviour is observed in the interference fringes. This could be 
related to the roughing of the GaN surface due to doping. This could also be the reason 
for the reduced transmission intensity, as compared to the undoped sample (Figure 7.1).  
 
Figure 7.6 shows the plot of ( )2hvα as a function of energy, for the Si-doped GaN layer. 
The band gap energy of the Si-doped GaN layer was found to be (3.40 ± 0.01) eV, 
essentially identical to that of the undoped sample. Thus, as stated previously, UV 
transmission spectroscopy is not accurate enough to determine the change in the band gap 
energy due to doping. 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 7.5: The UV transmission spectra of Si-doped GaN, measured at room 
temperature. 
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Figure 7.6: A plot of ( )2hvα versus energy for a Si-doped GaN sample, in order to 
determine the room temperature band gap energy. 
 
7.3 Ultraviolet transmission spectroscopy of AlxGa1-xN 
 
The results of UV transmission measurements performed on AlxGa1-xN will be presented 
in this section. It was seen in Section 7.2 that UV transmission measurements are not 
accurate enough to determine differences in the band gap energies of undoped and doped 
GaN. As such, only the results of UV transmission measurements performed on undoped 
AlxGa1-xN will be presented. Figure 7.7 shows the transmission spectra of a selection of 
AlxGa1-xN samples, measured at room temperature. 
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Figure 7.7: The room temperature UV transmission spectra of a selection of undoped 
AlxGa1-xN layers [(a): 0  x  0.5 and (b): 0  x  0.5]. 
 
In Figure 7.7 (a) the transmission spectra of AlxGa1-xN (0  x  0.50) are shown. The cut-
off wavelength is seen to decrease from about 370 nm for GaN to about 285 nm for 
Al0.50Ga0.50N. This is due to the increase in the band gap with increasing x. No significant 
decrease in the transmission intensity was observed over this composition range. Also 
interference fringes were observed for all three samples, an indication of the good 
material quality. Figure 7.7 (b) shows the transmission spectra for AlxGa1-xN with 0.50  
x  1. It is clear than for x  0.65 the quality of the layers is very poor, with no clear cut-
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off wavelength or interference fringes being observed. Figure 7.8 shows the plots of 
( )2hvα versus energy for AlxGa1-xN, thus obtaining the band gap energy as a function of 
the Al content, x. 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 7.8: The plots of ( )2hvα versus energy for AlxGa1-xN, from which the band gap 
energy as a function of the Al content, x is obtained. 
 
It is evident from Figure 7.8 that the band gap increases with the Al content. Figure 7.9 
shows the room temperature band gap energies for AlxGa1-xN, as a function of x. The 
compositional dependence of Eg can be fitted using the following expression: 
 
)1()1( xbxxEExE AlNGaNg −++−=                                             … (7.10) 
 
where EGaN and EAlN are the GaN and AlN band gaps, respectively, and b is the bowing 
factor.  The band gap values used for GaN and AlN were 3.39 eV [Steude et al. (1999) 
and Leroux et al. (2002)] and 6.04 eV [Brunner et al. (1997) and Li et al. (2003)], 
respectively. The solid line in Figure 7.9 is a fit to the Eg data using Equation 7.10. Also 
shown in Figure 7.9 are the 300 K PL peak energies, EPL. A good correlation between the 
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300 K values of Eg and EPL is observed. The Eg and EPL values for AlN used in Figure 7.9 
are from literature [Li et al. (2003)]. The fit to the Eg data using Equation 7.10 yielded a 
bowing factor b = 1.5 eV. This is in good agreement with the bowing factor of b = 1.3 eV 
found by Brunner et al. (1997), who performed UV transmission measurements on 
AlxGa1-xN over the entire composition range. 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 7.9: The 300 K band gap values of AlxGa1-xN, as a function of the Al content, 
x. Also shown are the 300 K PL peak energies for the same samples. The 
solid line is a fit to the Eg data using Equation 7.10. 
 
The index of refraction for a number of AlxGa1-xN samples was also calculated, using 
Equation 7.7. However, no dependence on the Al content of the layers was observed, due 
to a large scatter in the calculated n values. As mentioned earlier, this is most likely due 
to the error in the measurement of the film thicknesses. Other reports have shown that n 
decreases with x, in accordance with the change in physical properties [Brunner et al. 
(1997), Tisch et al. (2001) and Antoine-Vincent et al. (2003)]. 
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7.4 Conclusions 
 
In this chapter the results of UV transmission spectroscopy, performed on AlxGa1-xN, 
have been presented. For AlxGa1-xN samples with 0  x  0.50, a sharp decrease in the 
transmission near the band gap energy was observed, with clear interferences fringes 
occurring at lower energies. The crystal quality of higher composition samples was poor 
resulting in a gradual decrease in the transmission, instead of a sharp cut-off, as is 
observed in good quality material. The room temperature band gap values were 
calculated from the transmission spectra, and were found to correlate well with the room 
temperature PL peak energies.  
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Chapter 8 
 
PHOTOLUMINESCENCE OF GaN 
 
8.1 Previous studies 
 
The photoluminescence properties of a GaN layer are very dependent on both the method 
of growth and substrate used. GaN can be grown using hydride vapour phase epitaxy 
(HVPE), metalorganic vapour phase epitaxy (MOVPE) or molecular beam epitaxy 
(MBE), on a variety of substrates. The high cost and scarcity of GaN substrates has 
necessitated heteroepitaxy on alternative substrates, such as sapphire, SiC and Si.  The 
subsequent lattice mismatch and expansion coefficient differences between the substrate 
and epilayer, cause strain in the GaN layer, which greatly affect the optical properties of 
GaN, such as the free and bound exciton peak positions and binding energies.  Moreover, 
the PL properties of layers grown on the same type of substrate using the same growth 
process and parameters can vary quite markedly.  This is presumably due to variations in 
the local structure, such as inhomogeneities.  The situation may be further complicated by 
partial relaxation in the layer by the creation of defects.  Taking all these factors into 
account, it is not surprising that there is a very wide spread in the reported optical 
properties of GaN.  As an in-depth study of the optical properties of GaN is beyond the 
scope of this work, only the near band-edge features commonly observed will be 
discussed. 
 
In Chapter 2 it was shown that valence band degeneracy does not occur in hexagonal GaN. 
Consequently, three free excitonic transitions, namely the A (FXA), B (FXB) and C (FXC) 
free excitons, corresponding to the transitions between the three valence bands and 
conduction band, are possible in hexagonal GaN. In PL spectroscopy the incident laser 
causes excitation above the band gap, and since electrons relax very efficiently to lower 
energy states before recombination, the thermal population of higher energy states is 
small. This explains the ratio in the relative intensities of the three free exciton transitions 
(FXA > FXB > FXC) [Pankove and Moustakas (1998) p 320]. 
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Strain-free (or nearly strain-free) GaN: Very good quality material, with a sufficiently low 
defect concentration, is essential when studying the optical properties of a semiconductor.  
The best GaN to date is either bulk crystals grown from a Na-Ga melt, thick epilayers 
grown by HVPE on sapphire substrates or homoepitaxial layers grown by MOVPE or 
MBE. 
 
Reports on the optical properties of bulk GaN crystals are scarce. Conventional high 
temperature and pressure growth of GaN crystals results in a very large residual oxygen 
content (1018 -1020 cm-3), preventing the observation of free exciton transitions [Aoki et al. 
(2000) and Frayssinet et al. (2001)]. Crystals grown from a Na-Ga melt, using a lower 
growth temperature and pressure, have resulted in bulk GaN with a much reduced oxygen 
content (1016 -1017 cm-3) [Skromme et al. (2002)]. In such samples, near band-edge free 
exciton and donor-bound excitonic transitions were clearly resolved. The FXA and FXB 
peaks occurred at 3.4780 eV and 3.4834 eV, respectively, while the FXC was not 
observed. A neutral donor-bound exciton transition, due to the residual oxygen, was 
observed at 3.4712 eV [Skromme et al. (2002)].  
 
For homoepitaxial MOVPE- and MBE-grown GaN, the FXA and FXB transitions generally 
occur at 3.4785 ± 0.0015 eV and 3.4840 ± 0.0020 eV, respectively [Kornitzer et al. 
(1999), Martínez-Criado et al. (2001), Reshchikov et al. (2001) and Korona et al. (2002)]. 
The FXC peak was not observed in the spectra in the above-mentioned reports. The FXA 
binding energy is reported to be about 25 meV [Martínez-Criado et al. (2001) and 
Reshchikov et al. (2001)]. 
 
HVPE-grown GaN is generally of a lower quality than that produced by homoepitaxy, 
generally due to a combination of strain, and a higher concentration of dislocations and/or 
residual dopants. This results in the broadening of the PL features and a weakening in the 
free exciton peaks, with the B free exciton being rarely observed in HVPE-grown GaN. 
Another consequence is that a blue shift in the excitonic features is usually observed as 
compared to homoepitaxial material, with the displacement being proportional to the 
amount of compressive strain in the layer. There is a wide spread in the reported optical 
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properties of HVPE-grown GaN, with some layers closely resembling homoepitaxial 
material and others deviating quite substantially. In good quality HVPE-grown GaN, the 
FXA peak is usually observed at 3.480 eV [Volm et al. (1996), Pozina et al. (2001), 
Yu et al. (2001) and Wysmolek et al. (2002)], although reported values vary between 
3.473 eV [Leroux et al. (1997)] and 3.494 eV [Arnaudov et al. (1999)]. There is also a 
spread in the FXB peak energy, varying between 3.486 eV [Volm et al. (1996)] and 
3.501 eV [Arnaudov et al. (1999)]. The FXA binding energy was found to be 25 ± 1 meV, 
using both the FX (A) n = 2 transition and variable temperature PL measurements 
[Volm et al. (1996) and Monemar et al. (2002)]. 
 
Strained GaN: Heteroepitaxial GaN, grown by MOVPE or MBE, will contain strain.  The 
amount of strain is dependent on the type of substrate used, and the buffer layer employed.  
GaN grown on 6H-SiC [Pozina et al. (2001)] and Si [Calle et al. (1997) and Zubrilov et al. 
(2002)] is usually under tension, while GaN grown on c-plane sapphire is under biaxial 
compression [Volm et al. (1996)].  Figure 8.1 shows the effect of c-axis strain on the A, B 
and C free exciton energies for GaN [Morkoç p313]. It is evident from Figure 8.1 that 
tensile strain causes a red shift in the free exciton peak energies, while compressive strain 
results in a blue shift. Although some MBE- and MOVPE-grown GaN layers exhibit FXA 
peak energies close to those of homoepitaxial material [Gil et al. (1995), Calle et al. 
(1997) and Granjean et al. (1997)], this does not prove that the layers are strain-free since 
partial relaxation in the layer could occur by the creation of defects. Moreover, the free 
exciton energies can vary from one sample to another, even if the same substrate is used.  
This is presumably due to variations in the local structure, such as inhomogeneities.  
Taking all these factors into account, it is not surprising that there is a wide spread in the 
reported optical properties of GaN grown by MOVPE and MBE. 
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Figure 8.1: Free exciton positions in GaN, as a function of c-axis strain [Morkoç p313]. 
 
PL transitions due to residual dopants: The near band-edge PL properties of undoped GaN 
normally consist of a combination of free and bound excitonic transitions. Residual donor 
and acceptor dopants are the main source of donor-bound (DBE) and acceptor-bound 
exciton (ABE) transitions, while intrinsic defects such as gallium and nitrogen vacancies 
and interstitials can also be present. The common donor impurities in GaN are Si and O, 
while Mg is the common acceptor. Figure 8.2 shows a typical low temperature PL 
spectrum of an undoped GaN layer [Monemar et al. (2002)]. The layer is 80 
m thick, 
grown by HVPE on a sapphire substrate. In Figure 8.2 the FXA and FXB transitions are 
clearly resolved. Also visible are two DBE peaks and a less intense ABE transition. The 
two DBE peaks are often observed in thick undoped samples, occurring between (3.471-
3.475) eV and (3.472-3.479) eV, respectively [Calle et al. (1997), Martínez et al. (2001), 
Reshchikov et al. (2001), Freitas et al. (2002), Monemar et al. (2002) and Wysmolek et al. 
(2002)]. The spread in the reported values is attributed to differences in strain in the GaN 
samples. The lower binding energy of the Si donor, as compared to O, has led to the lower 
energy DBE being attributed to neutral Si donors, and the other DBE to neutral O donors 
[Calle et al. (1997), Martínez et al. (2001) and Monemar et al. (2002)]. The ABE 
generally occurs between 3.466 and 3.469 eV, and has tentatively been attributed to 
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residual Mg doping. This has been supported by a secondary ion mass spectroscopy 
(SIMS) study, which showed Mg to be a common impurity in HVPE grown GaN 
[Monemar et al. (2002)]. 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 8.2: A low temperature photoluminescence spectrum of an 80 
m thick 
undoped GaN layer grown by HVPE on sapphire [Monemar et al. (2002)]. 
 
Other possible sources of PL transitions: The possible intrinsic defects in GaN are Ga and 
N vacancies and interstitials, i.e. VGa, and VN, as well as Gai and Ni. Theoretical studies 
have shown that at typical GaN growth temperatures, the formation of VGa, and VN is 
energetically favourable, but that the formation of Gai and Ni is unlikely [Neugebauer and 
Van de Walle (1994)]. The VN has been shown to be a donor in GaN (ED ~ 70 meV), but 
no donor-bound excitons involving the VN have been observed [Look et al. (2003)]. 
Calculations have shown that the VGa is a deep acceptor, possibly responsible for the so-
called “yellow luminescence” in GaN [Neugebauer and Van de Walle (1996)]. This 
yellow luminescence is a broad band occurring between 2.0 and 2.4 eV. It has 
subsequently been observed that gallium vacancies do indeed contribute to the yellow 
luminescence in GaN [Armitage et al. (2003)]. The yellow luminescence in GaN will be 
further discussed later in this chapter. 
3.46 3.47 3.48 3.49 3.50
ABE
DBE2
DBE1
FXA
FXB
80 µm HVPE GaN
 
 
PL
 
in
te
n
si
ty
 
(ar
b.
 
u
n
its
)
Energy (eV)
  
104 
104 
 
8.2 Photoluminescence of undoped GaN 
 
The results of a photoluminescence study of undoped GaN, grown by MOVPE on c-
sapphire, will be presented in this section. The carrier concentration of the undoped GaN 
could not be measured, due to the very high resistivity of such material. Figure 8.3 shows 
the PL spectrum of undoped GaN at 12 K.   
Figure 8.3: The 12 K photoluminescence spectrum of an undoped GaN layer grown by 
MOVPE on sapphire. 
 
The spectrum is dominated by two peaks, one occurring at 3.475 eV (labelled I2) and the 
other at 3.480 eV.  By studying the laser power dependence of the PL spectra (Figure 8.5) 
and from a comparison with literature, the I2 peak is identified as the neutral donor-bound 
exciton transition, while the 3.480 eV peak is the FXA transition [Leroux et al. (1997)].  
Longitudinal optical (LO) phonon replicas of the FXA peak are also indicated in 
Figure 8.3. The LO phonon energy was found to be 88 meV, close to the reported value of 
92 meV [Pankove and Moustakas (1998) p 323].  
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Figure 8.4 shows the near band-edge PL features for the undoped GaN sample at 12 K. In 
Figure 8.4 the I2 and FXA peaks are clearly resolved, while the FXB transition is seen as a 
shoulder about 6 meV above the FXA peak. A shoulder occurring at 3.454 eV is frequently 
observed in undoped GaN and is attributed to the (n = 2) two electron satellite (I2 (n = 2)) 
of the I2 peak [Leroux et al. (1999) and Monemar et al. (2002)]. This peak is formed when 
the I2 exciton recombines leaving the neutral donor electron in an excited n = 2 state. The 
residual donor binding energy can then be estimated from the difference in energy 
between the I2 and I2 (n = 2) peaks, using the formula EED ∆= )3/4(  [Martinez et al. 
(2001) and Monemar et al. (2002)]. The binding energy of the donor, most likely Si, was 
found to be approximately 28 meV, in very good agreement with other reports [Leroux et 
al. (1999), Martinez-Criado et al. (2001), Freitas et al. (2002), Volm et al. (1996), 
Kornitzer et al. (1999), Chtchekine et al. (2001) and Monemar et al. (2002)].   
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 8.4: The near band-edge PL spectrum for an undoped GaN sample, recorded at 
12 K. The incident laser power was 20 mW. 
 
Figure 8.5 shows the dependence of the PL spectra on the laser power, P. The inset is a 
plot of the integrated PL intensity of the I2 peak as a function of laser power.  It is clear 
from Figure 8.5 that the I2 and FXA peak energies are independent of the laser power. 
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From the inset, it is seen that the PL intensity of the I2 peak is related to the laser power 
via the expression: ( ) 33.12 PII ∝ , where )( 2II is the integrated I2 peak intensity and P is the 
laser power. This power relation is indicative of a donor-bound exciton transition 
[Schmidt et al. (1992)], and the coefficient of 1.33 is in good correlation with the reported 
power coefficients obtained for the I2 and FXA transitions in homoepitaxial GaN 
[Martinez-Criado et al.  (2001)]. 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 8.5: The laser power dependence of the photoluminescence spectra of undoped 
GaN grown by MOVPE on sapphire, performed at 12 K. Inset: The 
integrated PL intensity of the I2 peak, as a function of laser power. 
 
The PL properties of this sample were further investigated using variable temperature 
measurements.  Figure 8.6 shows the temperature dependence of the PL spectra of the 
undoped GaN sample. At low temperatures, the PL spectra are dominated by a 
combination of free and bound excitons.  With increasing temperature, the I2 peak is seen 
to quench in favour of free exciton transitions, with the FXB transition becoming visible 
from about 30 K. Eventually at room temperature one would expect band-to band 
recombination to be the dominant PL transition as the FXA binding energy is about 
25 meV. 
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Figure 8.6: The temperature dependence of the photoluminescence spectra of undoped 
GaN. The incident laser power was 20 mW. 
 
8.2.1 The temperature dependence of the photoluminescence peak energies 
 
The free and neutral donor bound exciton PL peak energies will generally follow the 
temperature dependence of the band gap, Eg (T). Many analytical expressions are used to 
describe the temperature dependence of the band gap of a semiconductor, including the so-
called Varshni [Varshni (1967)], Bose-Einstein and Dispersion-related models 
[Pässler (2001)]. 
 
In the Varshni model the temperature dependence of the band gap is approximated using 
the empirical expression [Varshni (1967)]: 
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where vα  represents the magnitude of the limiting slope of the corresponding 
)(TEg curve ( ∞→∂∂−≡ Tgv TTE /)(α ), and β is a physically undefined temperature 
parameter believed to be of the same order of magnitude as the Debye temperature DΘ . 
 
Three equivalent forms of the Bose-Einstein model are used to approximate the band gap 
variation with temperature [Pässler (2001)]: 
 
  

	




−Θ
+−=
1)/(exp
21)(
T
aETE
B
BBg                                     … (8.2) 
 
         
( )[ ]BBB
B
aandaEEwhere
T
E 2
1)/(exp 00 =−=−Θ−= κ
κ
       … (8.2a) 
 
            [ ]BB
B
BB where
T
E Θ=
−Θ
Θ
−= ακ
α
1)/(exp0                                    … (8.2b) 
 
where 0E is the band gap at 0 K, BB aEE += 0 , Bα  again is the magnitude of the limiting 
slope of the corresponding )(TEg curve, and BeffB k/ω=Θ  is the phonon temperature 
associated with the single (“phantom”) oscillator under consideration. The 
parameters Ba ,κ , BΘ and Bα  are interlinked via the these expressions [Pässler (2001)]: 
 BB aEE −=0  and BBBa Θ== ακ 2  
 
A third method utilised to estimate the variation of a semiconductor’s band gap with 
temperature is the “Dispersion-related model”.  In this model, which is specialized for 
hexagonal GaN, )(TEg  is given by [Pässler (2001)]: 
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where α,0E and Θ have their usual meaning, as defined in Equations 8.1 and 8.2.  
 
Figure 8.7 shows the temperature dependence of the FXA, FXB and I2 transitions for the 
undoped GaN layer, measured from the spectra shown in Figure 8.6.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 8.7: The temperature dependence of the FXA, FXB and I2 transitions, observed 
in undoped GaN. The FXA temperature dependence is fitted using 
Equations 8.1, 8.2 (Figure 8.7(a)), and Equation 8.3 (Figure 8.7(b)). 
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As shown in Figure 8.7(a), a reasonable fit to the FXA versus temperature data is obtained 
using both Equations 8.1 and 8.2. However, Equation 8.3 yields the best fit to the data 
over the entire temperature range (Figure 8.7(b)).  The parameters used to obtain the fits in 
Figure 8.7(a) and (b) are listed in Table 8.1. Also included is an overview of other 
reported parameter values. 
 
Table 8.1: Parameter values resulting from numerical fittings of the temperature 
dependence of the FXA energy, using Equations 8.1-8.3. 
 Varshni Bose-Einstein Dispersion-related models 
 αv /10-4 β aB = /2 ΘB E0 α/10-4 Θ 
 
(eV/K) (K) (eV) (K) (eV) (eV/K) (K) 
3 18 2189 0.051 297 3.487 5.50 580 
2 
-9.39 772 Fit not used 3.476 6.77 602 
3 8.32 835.6 Fit not used 3.485 4.82 487 
4 5.84 465 0.072 349 3.490 6.24 630 
5 8.70 884 0.047 271 3.479 4.84 479 
6 12.8 1190 0.11 405 3.482 6.39 569 
7 11.8 1414 Fit not used 3.495 6.03 694 
8 Not given 2200 0.055 294 3.487 5.79 557 
9 5.5 645 Fit not used 3.495 5.94 567 
10 8.87 874 Fit not used 3.488 5.31 533 
 
It is evident from Table 8.1 that there is large scatter in the reported parameter values, 
especially for the Varshni model. This is attributed to the inadequacy of both the Varshni 
and Bose-Einstein models in describing the temperature dependence of the band gaps of 
III-V nitrides [Pässler (2001)]. Further discussion on the applicability of these models is 
beyond the scope of this work. For addition information see Pässler (2001), who has 
                                                 
3
 This work  2 Teisseyre et al.  (1994)  3 Shan et al. (1996)  
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 Chichibu et al. (1997) 5 Calle et al. (1997)  6 Li et al. (1997)  
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 Fischer et al (1997) 8 Yablonskii et al. (1998)  9 Kornitzer et al. (1998)   
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 Leroux et al. (1999) 
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performed a comprehensive analysis of the available data on the temperature dependence 
of the band gap of hexagonal GaN. The values obtained using the Bose-Einstein fits in this 
study are, however, in good agreement with most reports, as can be seen in Table 8.1, 
while the “Dispersion-related model” seems to yield the best fit to the experimental data.   
 
Furthermore, Pässler (2001) has shown that this model eliminates the experimental scatter 
obtained when using the Varshni model, yielding parameter values of α = (5.8 ± 1.0) x 10-
4
 eV/K and Θ = (590 ± 110) K. The parameters obtained for the sample shown in Figure 
8.7(b) are in excellent agreement with those found by Pässler (2001). The differences in 
energy of 6.8 and 6.5 meV between the FXB and FXA, and FXA and I2 peaks, respectively, 
are in good agreement with reported values [Pässler (2001) and references therein]. 
 
8.2.2 The temperature dependence of the photoluminescence peak intensities 
 
The temperature dependence of the integrated intensities of the FXA and I2 peaks yield 
further information, such as the activation energies of each transition. The temperature 
dependence of the PL emission intensity with i nonradiative channels can be fitted using 
the equation [Leroux et al. (1999) and Chtchekine et al. (2001)]: 
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where 
i
i
i W
wA = (wi being a temperature independent constant and Wi is the radiative 
transition rate of the ith nonradiative channel), Ei is the activation energy of the ith 
nonradiative channel, Bk is Boltzmann’s constant, and I0 and I(T) are the integrated PL 
intensities at 0 K and T > 0 K, respectively. 
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Figure 8.8 shows the integrated PL intensities of the FXA and I2 peaks, as a function of 
reciprocal temperature. The integrated PL intensity of the FXA peak could be well fitted 
assuming two nonradiative channels are present.  
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 8.8: The integrated PL intensities of the FXA and I2 peaks, as a function of 
reciprocal temperature for undoped GaN. 
 
The first activation energy, E1, of 10 meV obtained is, however, much smaller than the 
reported range of 18-29 meV for undoped GaN [Smith et al. (1996), Leroux et al. (1999) 
and Martínez-Criado et al. (2001)]. There could be an error in the calculation of the 
activation energy due to the merging of the I2 and FXA peaks at higher temperatures. The 
origin of the second activation energy, E2 = (90-100) meV is unclear at this stage.  The I2 
data was also fitted assuming the presence of two nonradiative channels.  The I2 peak first 
quenches with a weak activation energy of about 6 meV. This is in good agreement with 
the optical binding energy of donor bound excitons (see Figure 8.7(a) and 
Leroux et al. (1999), Martínez-Criado et al. (2001) and Chtchekine et al. (2001)), thus this 
activation energy has been attributed to the thermal delocalisation of excitons from the 
bound to free state.  Further evidence is that the quenching of the I2 peak is accompanied 
by a relative increase in the FXA peak, as can be seen in Figure 8.6. 
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At higher temperatures, a second activation energy of about 26 meV is measured for the 
quenching of the I2 peak, close to the value of 29 meV found by Leroux et al. (1999), 
Martínez-Criado et al. (2001) and Chtchekine et al. (2001). Three possible nonradiative 
channels giving rise to the second activation energy have been proposed: Firstly, it could 
be due to the ionisation of the neutral donors involved in the excitonic complex [Leroux et 
al. (1999) and Chtchekine at al (2001)]. Secondly, it could be due to free exciton 
dissociation [Martínez-Criado et al. (2001)]. Thirdly, since the second activation energy is 
approximately equal to the sum of the I2 binding energy and the FXA activation energy, it 
was proposed that the second nonradiative channel could be due to a combination of 
excitons being delocalised from neutral donors, and free exciton recombination.  
Furthermore, since free excitons are the source of donor bound ones, the further quenching 
of the I2 line is related to the depopulation of the FXA transition [Dean (1967) and Leroux 
et al. (1999)]. Further discussion on the possible nonradiative channels giving rise to the 
E1 and E2 activation energies will be given after presentation of the PL study of Si-doped 
GaN. 
 
8.2.3 Excitonic linewidth (FWHM) temperature dependence 
 
If the full-width at half-maximum (FWHM) of the FXA transition is assumed to be directly 
related to the exciton broadening, then the temperature dependence of the FWHM of the 
FXA peak can be described by [Calle et al. (1997)]: 
  
optacIT Γ+Γ+Γ=Γ                                                                      … (8.5) 
 
where IΓ is due to defects and strain, acΓ is due to acoustic phonon scattering, and optΓ  is 
due to exciton scattering by optical phonons. Furthermore,  
 
 
Tac σ=Γ   
 
 
and       [ ]1)/(exp −=Γ TkE BLOopt
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           [ ]1)/(exp −++Γ=Γ∴ TkET BLOIT
ν
σ                                                … (8.7) 
 
where σ,IΓ and ν are the fitting parameters, Bk is Boltzmann’s constant and LOE is the 
LO phonon energy of GaN. 
 
The PL spectra were fitted with 1 or 2 Gaussian curves (depending on the temperature), 
from which the FWHM values were measured. Figure 8.9 shows the temperature 
dependence of the FXA peak FWHM. The solid line is a fit using Equation 8.7. The 
FWHM is seen to increase linearly with temperature up to about 100 K, above which a 
deviation from linearity is observed. The data is well fitted over the entire temperature 
range, with the fit parameters IΓ = 3.4 ± 0.2 meV, σ = 36.0 ± 2.6 
eV/K and ν = 0.319 ± 
0.038 eV correlating well with literature [Korona et al. (1996), Fischer et al. (1997) and 
Zubrilov et al. (2002)]. In agreement with these authors, it is thus concluded that at low T 
the FWHM broadening is due to scattering of excitons by acoustic phonons, while at high 
temperatures (T > 150 K) exciton scattering by LO phonons dominates. 
Figure 8.9: The temperature dependence of the FXA peak FWHM.  The solid line is a 
fit to the data obtained using Equation 8.7. 
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8.3 The photoluminescence of Si-doped GaN 
 
In this section the PL properties of just one Si-doped GaN layer is discussed. The 12 K PL 
spectrum of a Si-doped GaN layer (n = 1.4 × 1018 cm-3), grown by MOVPE, is shown in 
Figure 8.10. The 12 K PL spectrum of Si-doped GaN is dominated by the I2 line and it’s 
LO phonon replicas, separated by an energy of about 95 meV.  As is to be expected, no 
FXA peak was observed.  The shift in the I2 peak to lower energies as compared to the 
undoped sample (Figure 8.3) is attributed in part to band gap renormalization, while the 
increase in the FWHM is caused by band filling effects [Yoshikawa et al. (1999) and  
Leroux et al. (1997)]. The theory of band gap renormalization is presented in Appendix 1 
at the end of this chapter. The broad peak at 3.27 eV could also be due to the zero-phonon 
line of a very common DA pair transition often seen in n-type GaN, involving a 0.225 eV 
acceptor [for further details on this DA transition see Monemar et al. (2002) and 
references therein].  
 
Figure 8.10: The 12 K PL spectrum of a Si-doped GaN layer (n = 1.4 × 1018 cm-3),  
grown by MOVPE on a sapphire substrate. 
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The laser power dependence of the PL peak energy and intensity were also investigated. 
The PL peak energy was found to be independent of the laser power, while the integrated 
PL intensity varied as P1.25, in good agreement with the value obtained for the I2 peak 
observed for undoped GaN (Figure 8.4).The temperature dependence of the PL properties 
of this layer was also studied. Figure 8.11 shows the temperature dependence of the PL 
spectra of Si-doped GaN. 
Figure 8.11: The temperature dependence of the PL spectra of Si-doped GaN. 
 
In Figure 8.11 the PL spectra are dominated by the I2 peak at low temperatures. From 
about 30 K a shoulder is seen to appear at about 3.476 eV, attributed to the formation of 
free excitons, due to the thermal delocalisation of donor-bound excitons. Thus the broad 
PL band observed with increasing temperature must be considered to be a combination of 
free and bound excitons. This will be discussed further when considering the temperature 
dependence of the integrated PL intensity. 
 
8.3.1 The temperature dependence of the photoluminescence peak energies 
 
Figure 8.12 shows the I2 peak energy as a function of temperature for Si-doped GaN. The 
peak energy was taken to be the centre of the main PL feature. The solid lines in Figure 
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8.12 (a) are fits to the peak energy data using the Varshni and Bose-Einstein models 
(Equations 8.1 and 8.2), while in Figure 8.12 (b) the Dispersion-related model 
(Equation 8.3) is employed. The parameter values obtained are listed in Table 8.2. 
 
 
 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 8.12: The temperature dependence of the I2 peak energy of a Si-doped GaN 
layer, grown by MOVPE. The I2 temperature dependence is fitted using 
Equations 8.1 and 8.2 (Figure 8.12(a)), and Equation 8.3 (Figure 8.12(b)). 
 
From Table 8.2 it is seen that the parameter values obtained for Varshni, Bose-Einstein 
and Dispersion-related models are very similar to those listed in Table 8.1.  The only 
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significant difference is the reduction in the E0 energy, due to the decrease in the band gap.  
It is thus concluded that Si-doping does not have a significant effect on the temperature 
dependence of the band gap of GaN. 
 
Table 8.2: Parameter values resulting from numerical fittings of the temperature 
dependence of the I2 energy, using Equations 8.1-8.3. 
Varshni Bose-Einstein Dispersion-related models 
αv /10-4 β aB = /2 ΘB E0 α/10-4 Θ 
(eV/K) (K) (eV) (K) (eV) (eV/K) (K) 
17.0 2190 0.049 298 3.470 5.20 580 
 
8.3.2 The temperature dependence of the photoluminescence peak intensities 
 
The temperature dependence of the integrated PL intensity of I2 is shown in Figure 8.13.  
The solid line is a fit to the data using a two exponential variation of Equation 8.4.   
Figure 8.13: The temperature dependence of the integrated PL intensity of a Si-doped 
GaN layer grown by MOVPE. 
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The E1 energy is again attributed to the delocalisation of excitons bound to neutral donors, 
while E2 is possibly due to a combination of excitons being delocalised from neutral 
donors, and quenching of free excitons.  The possibility that the second nonradiative 
channel could be solely due to neutral donor ionisation is unlikely, since the E2 activation 
energy of 25 meV is considerably larger than the Hall activation energy of 6 meV 
obtained for the same sample (see Section 6.3.2).  
 
8.3.3 Excitonic linewidth (FWHM) temperature dependence 
 
Figure 8.14 shows the FWHM of the I2 peak as a function of temperature.  
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 8.14: The temperature dependence of the FWHM of the main PL peak of Si-
doped GaN. The solid line is a fit to the high temperature (T > 100 K) 
FWHM data using Equation 8.7. 
 
Equation 8.7 could not be applied over the entire temperature range, since it is only valid 
for free exciton transitions. As is seen in Figures 8.6 and 8.7 (a), the I2 peak is only visible 
below 100 K, thus PL spectra performed above 100 K will be predominantly due to FXA 
transitions.  The good fit to the data obtained using Equation 8.7 (solid line in Figure 8.14) 
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for the FWHM data with T > 100 K, is further evidence of this assumption.  The reduction 
in the FWHM below 100 K is attributed to exciton localization at neutral Si donors. 
 
8.4 The yellow luminescence in GaN 
 
It was mentioned in Section 8.1 that a broad PL band, occurring between 2.0 and 2.4 eV, 
is often observed in the PL spectra of GaN. Figure 8.15 shows a comparison between the 
PL spectra of undoped and Si-doped GaN at 12 K.  
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 8.15: The 12 K PL spectra of undoped and Si-doped GaN. The spectra were 
recorded at 12 K, using a laser power of 20 mW. 
 
It is evident from Figure 8.15 that the near band-edge PL in the Si-doped layer is far more 
intense than in the undoped sample. This increase in the PL intensity due to Si doping, 
often referred to as doping dependent optical gain, has been observed before in Si-doped 
GaN [Schubert et al. (1997), Yoshikawa et al. (1999) and Ramvall et al. (2000)]. This 
effect is explained by the fact that the lifetime of the nonradiative channel is determined 
by the nonequilibrium minority carrier (hole) concentration, p, and the concentration of 
traps, NT, participating in the recombination. In n-type semiconductors, the trap 
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recombination rate is proportional to pNT, whereas the band-to-band recombination rate is 
proportional to pn  pND, where ND is the concentration of donors. The ratio of the 
radiative to the nonradiative recombination rate is then ND/NT. If ND (the Si-doping 
density) can be increased without a simultaneous increase in the trap concentration, then 
an increase in the PL luminescence can be expected. This appears to be the case for GaN 
where an increase in the luminescence efficiency is observed with increasing Si doping 
[Schubert et al. (1997), Yoshikawa et al. (1999) and Ramvall et al. (2000)]. 
 
Returning to Figure 8.15, it is clear that no yellow luminescence was observed in the PL 
spectrum of the undoped GaN layer. This is an indication of the good quality of the 
undoped material. In doped material, however, an intense PL band was observed between 
2.0 and 2.5 eV. There are a few possible explanations for the presence of yellow 
luminescence in Si-doped GaN, and not in undoped material.  
 
Extended defects: It is unlikely that a significant change in the extended defects, such as 
dislocations and grain boundaries, in GaN would occur due to moderate doping with Si. 
The fact that yellow luminescence is also observed in bulk samples [Ponce et al. (1996) 
and Reshchikov et al. (2001b)], which have a much lower extended defect concentration, 
indicates that extended defects are not responsible for the yellow luminescence. 
 
Native defects: The fact that yellow luminescence is only observed in n-type material 
[Figure 8.15 and Neugebauer and Van de Walle (1997)], indicates that an acceptor-type 
defect is responsible. As mentioned in Section 8.1, only Ga and N vacancies are likely to 
occur in GaN, and as the gallium vacancy is an acceptor, it is the most likely native defect 
responsible for yellow luminescence in n-type GaN [Neugebauer and Van de Walle 
(1997)]. The yellow luminescence was then attributed to a transition between the shallow 
Si donor level and the deep Ga vacancy [Neugebauer and Van de Walle (1997)]. This 
proposal is supported by positron annihilation spectroscopy studies, which correlated the 
yellow luminescence in n-type GaN with the Ga vacancy concentration 
[Saarinen et al. (1997)]. 
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Residual dopants: The possibility that residual dopants could also give rise to the yellow 
luminescence cannot be ruled out. Mg, a common p-type dopant, is known to suppress the 
yellow luminescence in GaN [Neugebauer and Van de Walle (1997)] and thus cannot be a 
source of yellow luminescence. It has been shown that for samples with low Ga vacancy 
concentrations, carbon-related complexes also yield yellow luminescence [Armitage et al. 
(2003) and Soh et al. (2004)]. It is also reported that a transition between an O related 
defect complex and the Ga vacancy can yield yellow luminescence [Soh et al. (2004)]. On 
the other hand, it was shown that the implantation of B, N and Si did not enhance the 
yellow luminescence in GaN [Kucheyev et al. (2002)].  
 
On consideration of all the above-mentioned possible causes of the yellow luminescence 
in GaN, the transition between a shallow Si donor and the deep Ga vacancy seems the 
most plausible for the samples used in this study. This is supported by the fact that no 
“blue band”, a broad PL feature occurring between 2.5 and 3.0 eV in C-doped GaN 
[Kucheyev et al. (2002) and Armitage et al. (2003)] is observed in Figure 8.15.   
 
8.5 Conclusions 
 
In this chapter the photoluminescence properties of undoped and Si-doped GaN have been 
presented. The main PL transitions observed in undoped and Si-doped GaN at 12 K have 
been identified. Furthermore the temperature dependence of the peak energy, integrated 
intensity and FWHM of these PL features have been presented. The photoluminescence 
properties of GaN have been studied for a number of years now, and are generally well 
understood. This knowledge will be invaluable when interpreting the photoluminescence 
properties of AlxGa1-xN which will be presented in Chapter 9. 
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Appendix 1 
 
Band gap renormalization: The band gap of a semiconductor can be reduced by high 
doping concentrations. This reduction in the band gap is usually referred to as band gap 
narrowing, shrinking or renormalization. The most important mechanisms that result in 
band gap renormalization of an n-type semiconductor are electron-electron and electron-
donor interactions. In electron-electron interactions, the repulsive and attractive 
interactions of electrons with like and opposite spin and the long range coulombic 
interactions result in a net attractive term. As a consequence, the conduction band edge is 
lowered. In electron-donor interactions, the attraction between electrons and ionised 
donors leads to further lowering of the conduction band edge. 
 
The magnitude of the band gap renormalization, as a function of the donor concentration, 
has been performed by Haug and Schmitt-Rink (1985). For a non-degenerate 
semiconductor the reduction in the band gap, gE∆ , was predicted to be proportional to 
3/1)( DN , where DN is the donor concentration. This has been experimentally verified by 
Yao and Compaan (1990), who found that for n-type GaAs: 
 
  
3/15 )106.6()( Dg NxmeVE −−≈∆  
 
and for p-type GaAs: 
 
  
3/15 )104.2()( Dg NxmeVE −−≈∆ . 
 
For n-type GaN the magnitude of the band gap renormalization was found to vary as 
[Yoshikawa et al. (1999)]: 
 
  
3/15 )1072.4()( Dg NxmeVE −−≈∆ . 
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Chapter 9 
 
PHOTOLUMINESCENCE OF AlxGa1-xN 
 
9.1 Introduction 
 
The results of photoluminescence studies performed on both undoped and Si-doped 
AlxGa1-xN will be presented in this chapter.  Although AlxGa1-xN samples over the entire 
composition range (0  x  1) were grown, photoluminescence measurements could only 
be performed on samples with an Al content below 70 %, i.e. with band gap energies 
lower than that of the Ar-ion laser used for excitation  ( = 244 nm  5.09 eV). 
 
Previous optical studies of AlxGa1-xN have raised some interesting issues, many of which 
have not yet been explained. There is a large scatter in the values of the band gap bowing 
parameter, b, with reported values ranging between -0.8 and + 2.6 eV [S. R. Lee et al. 
(1999) and references therein]. Another phenomenon is the increase in the Stokes shift 
(defined as the energy difference between the band edge photoluminescence maximum 
and the excitonic absorption edge) for x > 0.2 [Cho et al. (2000)]. A third issue is the 
large decrease in PL efficiencies with increasing x [Kim et al. (2000), Coli et al. (2001) 
and Nam et al. (2004)]. Lastly, the effects of Si-doping on the PL properties of AlxGa1-xN 
are not well understood [Lee C-R (2002), Nam et al. (2002) and James et al. (2004a)]. 
 
In this chapter, unless otherwise stated, the term “carrier concentration” refers to the 
corrected carrier concentration and not the measured value, as explained in Section 6.3. 
 
To avoid confusion about the different activation and binding energies mentioned, a brief 
summary of these is given at the end of this chapter (see page 164). 
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9.2 Photoluminescence of undoped AlxGa1-xN 
 
9.2.1 Low temperature (12 K) measurements 
 
Figure 9.1 shows the 12 K PL spectra of a selection of undoped AlxGa1-xN layers. The 
first thing evident upon inspection of Figure 9.1 is that the PL peak energies shift to 
higher energies with increasing aluminium content, x. Secondly, the FWHM increases 
sharply with x, while the PL intensity steadily weakens. The longitudinal optical phonon 
energy is also seen to increase with x.   
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 9.1: The 12 K PL spectra of a selection of undoped AlxGa1-xN layers. 
 
The dominant near-band edge PL peaks shown in Figure 9.1 are attributed to neutral 
donor-bound exciton recombination. Also visible in all the samples are LO phonon 
replicas, an indication of the good material quality. The increase in the LO phonon 
energy with x, from ELO = 88 meV for GaN to about 105 meV for Al0.50Ga0.50N, is due to 
the increase in ionicity. Since the common donor impurities in AlxGa1-xN are quite 
shallow, the PL peak energy should follow the x dependence of the band gap Eg: 
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  )1()1( xbxxEExE AlNGaNg −++−=                                                  … (9.1) 
 
where EGaN and EAlN are the GaN and AlN band gaps respectively, and b is the bowing 
factor.  The low temperature (T = 0 K) band gap values used for GaN and AlN were 
3.48 eV [Steude et al. (1999) and Leroux et al. (2002)] and 6.11 eV 
[Brunner et al. (1997) and Li et al. (2003)], respectively. 
 
Figure 9.2 shows the variation of the PL peak energy with x, for undoped AlxGa1-xN. The 
solid line is a fit using Equation 9.1, with a bowing factor of b = 0.6 eV. This bowing 
factor is close to the “resulting” value obtained by S. R. Lee et al. (1999), who performed 
a review of the published bowing parameter values [S. R. Lee et al. (1999)]. This value is 
also close to the values quoted in recent reports on the determination of the band gap in 
AlxGa1-xN [Fukui et al. (2000), Yun et al. (2002) and Leroux et al. (2002)]. The bowing 
factor obtained in Figure 9.2 is smaller than the value of b = 1.5 eV measured at room 
temperature using PL and UV transmission measurements (Figure 7.9 p 90). This is most 
likely due to the fact that at 12 K one is dealing with donor-bound excitons, while at 
300 K free exciton and/or band-to-band recombination dominates. 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 9.2: The variation of the 12 K PL peak energy for undoped AlxGa1-xN, as a 
function of aluminium content, x. 
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In Figure 9.2 the PL peak energy is seen to deviate sharply for x > 0.3 from the fit 
obtained using Equation 9.1, as has been previously reported [Meyer et al. (1999) and 
Leroux et al. (2002)].  This could possibly be due to exciton localization at alloy potential 
fluctuations, thus causing a red-shift in the PL peak energies at low temperatures. This 
will be discussed in more detail later in this chapter.  The valence band crossover from 
the 9 to the 7 band could also play a role in the observed deviation.  It is possible that 
the 9 and 7 valence bands may have different dependences on x, thus necessitating two 
bowing parameters [Leroux et al. (2002)]. 
 
The decrease in the PL intensity with x, as seen in Figure 9.1, is a well known 
phenomenon occurring in AlxGa1-xN alloys. This was initially thought to be due to an 
increase in the number of non-radiative defects [Coli et al. (2001) and (2002)], but 
recently it has been shown that the decrease in the PL intensity is related to the 9 to the 
7 valence band crossover [Leroux et al. (2004) and Nam et al. (2004)]. The polarization 
of the emitted photoluminescence changes from the E ⊥ c orientation of GaN to the E c 
of AlN, resulting in a weakening in the PL intensity with increasing x 
[Nam et al. (2004)]. 
 
In Figure 9.1 the FWHM of the PL peaks is seen to sharply increase with x. This 
broadening is caused by a statistical occupation of Ga sites by Al cations, resulting in 
potential fluctuations which are seen by excitons.  The theoretical increase in the FWHM, 
EXCE∆ , of the PL peaks due to alloy disorder can be obtained from the expression 
[Schubert et al. (1984)]: 
 
  EEXCE σ36.2)1( =∆                                                                          … (9.2) 
 
where Eσ is the standard deviation of the band gap energy given by 
[Schubert et al. (1984)]: 
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where 
x
xEg
∂
∂ )(
describes the variation of the band gap with composition, K is the cation 
density in the unit cell, and excV is the exciton volume given by: 
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where )(xε  is the static dielectric constant in the alloy, rm is the exciton reduced mass 
( he mm /1/1 + ), and Ba is the Bohr radius of the exciton. The electron effective mass, em , 
and dielectric constant are obtained from an interpolation between the GaN and AlN 
values, namely xxmme 33.0)1(22.0)/( 0 +−= , and xxx 3.6)1(7.9)( +−=ε . The hole 
effective mass, hm , is generally believed to be independent of the Al content, with the 
value of 05.1 m being assumed over the entire composition range [Steude et al. (1999) and 
Coli et al. (2002)].   
 
It is clear from Equation 9.2 that an accurate estimate of )1(EXCE∆  requires that the 
exciton volume be well known, which is often not the case for alloy materials. Lee and 
Bajaj (1993) proposed another expression, that that does not require excV , to model the 
increase in the FWHM with increasing composition in AlxGa1-xN alloys. In this model the 
excitonic FWHM is given by [Lee and Bajaj (1993)]: 
 
  041.0)2( σ=∆ EXCE                                                                           … (9.4) 
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where CV  is the volume of the primitive cell, 
x
xEg
∂
∂ )(
describes the variation of the band 
gap with composition, ]/)([ 22 emxa
rex ε= , )( 111 −−− += her mmm is the reduced mass, 
em and hm are the electron and hole masses, respectively, and ε is the static dielectric 
constant. From the bowing parameter obtained in Figure 9.2, the band gap variation with 
x is given by 73.18.1
)(
+=
∂
∂
x
x
xEg
. The volume of the primitive cell is 2/)(30 xaVC = , 
where )112.3)1(189.3()(0 xxxa +−= Å is the lattice constant in the hexagonal plane 
[Coli et al. (2002)].  
 
From Equations 9.2 and 9.4 it is evident that at x = 0, the FWHM broadening due to alloy 
disorder is zero, while the measured FWHM of undoped GaN was found to be about 
6 meV (see Figure 8.14 p 113). In order to facilitate a comparison with other reports no 
offset of theoretical FWHM data yielded by Equations 9.2 and 9.4 was used. 
 
It has been shown that Eσσ 36.20 = , and as such the EXCE∆ values predicted by 
Equation 9.4 are smaller than those of Equation 9.2 [Meyer et al. (1999) and 
Coli et al. (2001)]. There is no consensus at this stage as to which model gives the most 
accurate estimate of EXCE∆  for AlxGa1-xN, and therefore a comparison between the 
FWHM data obtained in this study and the EXCE∆  values predicted by both models will 
be performed. Figure 9.3 shows the dependence of the PL FWHM on the Al content for 
undoped AlxGa1-xN. Also shown are the theoretical )1(EXCE∆  and )2(EXCE∆  curves, as a 
function of x, obtained from Equations 9.2 and 9.4, respectively. 
 
In Figure 9.3 it is seen that the FWHM values are much lower than the values predicted 
by Equation 9.2, but higher than those given by Equation 9.4. To the best of the author’s 
knowledge, only three other groups have reported on the low temperature FWHM 
variation in AlxGa1-xN alloys. The reports by Steude et al. (1999) and Meyer et al. (1999) 
showed that at 4 K, the FWHM of the PL peaks was always smaller than the values 
predicted by Equation 9.2. Leroux et al. (2004) found a very similar trend for 12 K PL 
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data, and furthermore that the PL FWHM versus x data could be well approximated by 
)1(82.0 EXCE∆  ( )1(EXCE∆ estimated using Equation 9.2). In Figure 9.3, the FWHM data is 
well approximated by )1(72.0 EXCE∆ , in good agreement with Leroux et al. (2004). The 
fact that the experimental data closely follows the shape of the predicted FWHM 
confirms that alloy broadening is responsible for the increase in the FWHM. The 
departure from the predicted FWHM values could possibly be due to an overestimation 
of the excitonic volume, which is a critical parameter in Equation 9.2. This is exasperated 
by the fact that Equation 9.2 was developed for free excitons, while in AlxGa1-xN one is 
dealing with bound excitons, [Steude et al. (1999) and Meyer et al. (1999)]. The Bohr 
radius is smaller for bound excitons, thus yielding lower EXCE∆  values.  
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 9.3: The variation of the PL FWHM with Al composition, x, for undoped 
AlxGa1-xN at 12 K. The )1(EXCE∆  and )2(EXCE∆  curves were obtained 
using Equations 9.2 and 9.4, respectively. 
 
Coli et al. have also reported on the FWHM variation with x, in AlxGa1-xN alloys 
[Coli et al. (2001) and (2002)]. However, in their reports they do not give the measured 
FWHM data, but instead use values obtained from a multiple Gaussian curve fitting 
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procedure, which yields lower EXCE∆  energies. These EXCE∆  energies were then found to 
correlate very well with the theoretical FWHM broadening predicted by Equation 9.4 
[Coli et al. (2001) and (2002)].  Although not stated, it can therefore be assumed that the 
measured EXCE∆  data of Coli et al. (2001 and 2002) would be greater than that predicted 
by Equation 9.4.  However, since this multiple Gaussian curve fitting is not well 
explained, a comparison between their results and those of other reports is not possible. 
Likely reasons for the fact that the measured FWHM data is greater than the )2(EXCE∆  
energies predicted by Equation 9.4 include errors in the estimation of CV , the volume of 
the primitive cell, and exa , the exciton Bohr radius. If the distribution of Ga and Al atoms 
is not homogeneous, then cation clustering would occur in the samples, resulting in a 
larger CV [Bell et al. (2004)], and thus a larger )2(EXCE∆  energy.  
 
9.2.2 Variable temperature measurements 
 
Recently the temperature dependence of the PL properties of AlxGa1-xN has received 
much attention.  Many interesting issues have arisen, such as the effect of alloy disorder 
and doping on the PL properties, which are still under investigation. Figure 9.4 shows the 
temperature dependence of two undoped AlxGa1-xN layers, with x = 0.23 and 0.50. 
 
From Figure 9.4 it is evident that the variation of the PL peak energy, EPL, with 
temperature does not follow the usual band gap dependence, as was observed for GaN. 
Instead, an “S-shaped” emission shift (decrease-increase-decrease) in EPL, was observed 
with increasing temperature, a phenomenon well reported for AlxGa1-xN alloys 
[Steude et al. (1998), Meyer et al. (1999), Kim et al. (2000), Cho et al. (2000), 
Bell et al. (2004), James et al. (2004a) and (2004b) and Tamulaitis et al. (2004)]. This 
emission shift is often observed in random homogeneous alloys, and is attributed to 
inhomogeneous alloy potential fluctuations distributed in the layers [Cho et al. (2000) 
and Bell et al. (2004)]. A model describing the effect of the alloy potential fluctuations 
on EPL is illustrated in Figure 9.5. 
  
132 
132 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 9.4 (a): The temperature dependence of the PL spectra of undoped Al0.23Ga0.77N 
grown by MOVPE on sapphire.  
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 9.4 (b): The temperature dependence of the PL spectra of undoped Al0.50Ga0.50N 
grown by MOVPE on sapphire. 
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In Figure 9.5 it is illustrated how the valence and conduction bands are perturbated by 
cation fluctuations in an alloy.   
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 9.5: A model for the localization and thermalization of excitons at alloy 
potential fluctuations.  
 
At low temperatures, excitons are trapped in local conduction band minima, since the 
potential barriers are greater then kBT (Figure 9.5(a)). Thermalization will occur when the 
excitons have enough energy to overcome the potential barriers, resulting in the 
relaxation of excitons to the lowest potential minimum. This is illustrated in 
Figure 9.5(b).  
 
The temperature dependence of EPL for the undoped Al0.23Ga0.77N sample is shown in 
Figure 9.6. The fit to the high temperature EPL data was obtained utilising Equation 8.2 
and using fitting parameters from literature [Fukui et al. (2000)]. 
(b) Thermalization 
kB T 
kB T 
(a) Exciton Localization 
Low T 
Higher T 
  
134 
134 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 9.6: The temperature dependence of the PL peak energy, EPL, for an undoped 
Al0.23Ga0.77N sample. The solid line is a fit to the high temperature data 
using Equation 8.2, and reported fit parameters [Fukui et al. (2000)]. 
 
PL measurements could only be performed up to about 200 K for undoped AlxGa1-xN, as 
the PL intensity rapidly quenches for T > 100 K. In Figure 9.6 three temperature regions 
can be defined, labelled I, II, and III, and corresponding to a redshift, blueshift, and 
redshift behaviour of the PL peak energy. Note that the redshift is not very clear in Figure 
9.6, but it will be shown to be more pronounced in AlxGa1-xN layers of higher 
composition. T1 and T2 are the temperatures at which regions I and II end, respectively.  
In region I, it is assumed that the exciton is trapped in local minima in the conduction 
band, in region II the exciton is progressing from a bound to a free state due to 
thermalization, and in region III excitons are considered to be free. The PL peak energy 
in region III was fitted using Equation 8.2, and then extrapolated to yield the excitonic 
gap at 0 K, as shown in Figure 9.6.  The fit parameters used were aB = 0.073 ± 0.015 eV 
and BΘ  = 450 ± 25 K, corresponding to the reflectivity study of AlxGa1-xN by 
Fukui et al. (2000) (red line in Figure 9.6).  The temperature dependence of the band gap 
of AlxGa1-xN alloys could be accurately determined by Fukui et al. (2000) since no S-
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shape behaviour is observed in reflectivity measurements. The localization energy, Eloc, is 
then defined as the difference in energy between the fitted curve and the minimum of the 
measured peak energy in regions I and II.   
 
Figure 9.7 shows the temperature dependence of the PL peak energy for a selection of 
undoped AlxGa1-xN layers (x = 0, 0.23, 0.37 and 0.50). In Figure 9.7 it is seen that the 
magnitude of the S-shape behaviour increases with Al content, but is not observed in 
GaN. Also, the measured EPL data is seen to deviate more and more from the predicted 
band gap variation, with increasing x. This is due to the increase in alloy disorder with 
increasing x, as predicted by Equations 9.2 and 9.4, resulting in greater exciton 
localization. Consequently, T1 and T2 also increase with x, since a larger amount of 
energy (kBT) is required for thermalization to occur. The solid lines are fits to the EPL data 
in region III using Equation 8.2. The fit parameters used are listed in Table 9.1 below. 
 
Table 9.1: A list of the fitting parameters used in applying the Bose-Einstein model 
to the EPL data in region III, for undoped AlxGa1-xN. Also included are the 
Eloc and Eσ energies obtained from Figures 9.7 and 9.8, respectively. 
Al content, x Ba (eV) BΘ (K) Eloc (meV) Eσ (meV) T1 (K) T2 (K) 
0 0.051 297 0 0 --- --- 
0.21 0.061 400 9 8 ~ 20 ~ 90 
0.23 0.073 450 9 9.6 ~ 30 ~ 100 
0.35 0.09 550 17 17 ~ 65 ~ 140 
0.50 0.15 580 ~ 27 24 ~ 110 ~ 180 
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Figure 9.7: The temperature dependence of the PL peak energy for a selection of 
undoped AlxGa1-xN layers (x = 0, 0.23, 0.37 and 0.50). 
 
Christian and Bimberg (1990) showed that the redshift of EPL with decreasing 
temperature is due to statistical alloy broadening of the PL emission, and is given 
by
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=∆ , where Eσ is the increase in the PL emission due to the potential 
fluctuations. Combining this term with the temperature dependence of the band gap, the 
following expression is obtained [Bell et al. (2004)]: 
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By fitting Equation 9.5 to the appropriate temperature range, an estimation of Eσ can be 
obtained from the temperature dependent EPL data.  This is shown in Figure 9.8 for two 
AlxGa1-xN layers (x = 0.23 and 0.37). The solid lines are fits to the EPL data using 
Equation 9.5, while the dotted line is the band gap variation as predicted by the Bose-
Einstein model. In Figure 9.8 it is seen that a good fit to the data in regions II and III is 
obtained. In region I, all the excitons are trapped in the local minima and no further 
redshift  in EPL is possible. In Table 9.1 a comparison is made between the Eσ values and 
the Eloc energies. Also listed in Table 9.1 are the fitting parameters used in applying the 
Bose-Einstein fit, and the T1 and T2 temperatures. 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 9.8: The PL peak energy as a function of temperature for two AlxGa1-xN layers 
(x = 0.23 and 0.37). The solid lines are fits using Equation 9.5, while the 
dotted line is the band gap variation as predicted by the Bose-Einstein 
model (Equation 8.2). 
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It is evident from Table 9.1 that the Eσ and Eloc energies are equivalent. Thus a measure 
of the magnitude of the potential fluctuations can be obtained either from the deviation of 
the EPL data from the predicted band gap (as shown in Figure 9.7) or by fitting Equation 
9.5 to the EPL data. 
 
Figure 9.9 shows the Eσ energies (obtained from Equation 9.5) as a function of the Al 
content x. The solid blue line is the FWHMσ versus x curve obtained from the FWHM data 
(Figure 9.2), while the dotted line is a fit to the Eσ  data reported by Bell et al.(2004). In 
order to compare the Eσ energies with the measured FWHM data, the FWHM data has 
been converted to a standard deviation, FWHMσ , by dividing by 2ln22 [Bell et al. 
(2004)]. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 9.9: The Eσ energies (obtained from Equation 9.5) as a function of the Al 
content x. The solid blue line is the FWHMσ data versus x curve obtained 
from the FWHM data (divided by 2ln22 ), while the dotted line is a fit 
to reported Eσ  data [Bell et al. (2004)]. 
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In theory, the FWHMσ and Eσ values obtained using Equations 9.2 and 9.5, respectively, 
should be identical [Bell et al. (2004)]. In Figure 9.9 it is indeed seen that the Eσ and 
FWHMσ energies are very similar, with Eσ being slightly lower than FWHMσ over the entire 
composition range. Bell et al. (2004), however, observed that the FWHMσ energies were 
quite larger than Eσ . Although in this study it was found that the Eσ and FWHMσ energies 
are very similar, in general the standard deviation measured from the EPL data, i.e. Eσ , is 
the more accurate for several reasons. The PL peak FWHM may be broadened by 
extrinsic contributions (i.e., defects and impurities), which are not alloy related. A PL 
peak may also consist of a number of transitions, such as a combination of free and 
donor-bound excitons. The localization of excitons at alloy potential fluctuations at low 
temperatures will also cause an increase in the PL FWHM. In Figure 9.9 it is also seen 
that the Eσ energies obtained in this study are smaller than those found by Bell et al. 
(2004). This could be due to a difference in residual doping levels, since Si, a common 
impurity, is known to cause an increase in the exciton localization at low temperatures 
(James et al. (2004a) and (2004b)). 
 
The temperature dependence of the integrated PL intensities for undoped AlxGa1-xN was 
also studied. Equation 8.4 (rewritten as Equation 9.6) was fitted over regions I and II, 
assuming the presence of two non-radiative channels, one dominating in region I and the 
other in region II: 
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Figure 9.10 shows the temperature dependence of the integrated PL intensities for two 
undoped AlxGa1-xN layers (x = 0.23 and 0.50). The PL peak energy is also included, as a 
function of reciprocal temperature, to highlight the temperature range over which 
Equation 9.6 is fitted.  To the best of the author’s knowledge, all other reports on the 
temperature dependent quenching of the PL intensities in AlxGa1-xN have employed a 
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one-exponential variation of Equation 9.6 [Kim et al. (2000), Cho et al. (2000), Li et al. 
(2001) and Nam et al. (2002)]. Thus the reported PL activation energies in literature 
correspond to the E2 activation energy obtained from Equation 9.6.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 9.10: The integrated PL intensity and peak energy as a function of reciprocal 
temperature for undoped (a) Al0.23Ga0.77N and (b) Al0.50Ga0.50N. The red 
lines are fits to the integrated PL intensity over regions I and II using 
Equation 9.6, while the blue lines serve as guides to the eye. 
 
If, however, a three-exponential variation of Equation 9.6 is employed then the activation 
energy of the PL quenching over region III is also obtained. It was seen in Figure 9.7 that 
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region III occurs at higher temperatures with increasing x, and due to the rapid PL 
quenching at these temperatures, the temperature range over which PL can be measured 
is very small. This results in a large uncertainty in the PL activation energy E3 measured 
in region III.  
 
The E1 activation energies are seen to increase with x, from 6 meV for GaN (see Figure 
8.8), to 8 meV for Al0.23Ga0.77N, and then to about 15 meV for Al0.50Ga0.50N. It needs to 
be noted that the E1 and Eloc activation energies do not arise from the same mechanism: 
E1 is due to the delocalisation of excitons bound at neutral Si donors 
(Leroux et al. (1999), Martínez-Criado et al. (2001) and Chtchekine et al. (2001)), while 
Eloc is the blue-shift in the PL peak energy due to alloy potential fluctuations. 
 
Figure 9.11 shows the E2 activation energies as a function of the Al content for undoped 
AlxGa1-xN. Also included are previously reported PL activation energies for undoped 
AlxGa1-xN [Cho et al. (2000), Li et al. (2001) and Nam et al. (2002)]. 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 9.11: The E2 activation energies as a function of the Al content, x, for undoped 
AlxGa1-xN. Also included are previously reported PL activation energies 
for undoped AlxGa1-xN [Cho et al. (2000), Li et al. (2001) and 
Nam et al. (2002)]. 
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It is evident from Figure 9.11 that the E2 activation energies obtained in this study are 
typical for undoped AlxGa1-xN. The interpretation of the E1 and E2 activation energies 
will be discussed later in this chapter, after presentation of the photoluminescence results 
of Si-doped AlxGa1-xN. 
 
Figure 9.12 shows the E3 activation energies as a function of x for the series of undoped 
AlxGa1-xN samples. E3 is seen to increase with x, but there is a large uncertainty in the 
measured values, especially for large Al content samples, due to the rapid quenching of 
the PL signal in region III (see Figure 9.10).  
  
 
 
 
 
 
 
 
 
 
 
 
Figure 9.12: E3 activation energies as a function of x for undoped AlxGa1-xN. 
 
The E3 activation energies are larger than the values expected for free exciton 
dissociation: (~ 29 – 30 meV in GaN [Leroux et al. (1999) and 80 meV for AlN 
[Li  et al. (2003)]. On the other hand, an extrapolation of the E3 data to AlN (x = 1) in 
Figure 9.12 yields an E3 energy of about 240 – 280 meV, which is very similar the value 
of 260 meV reported for a band-to-impurity transition involving the nitrogen vacancy 
(VN) in AlN [Nepal et al. (2004)]. Thus the E3 activation energy could be associated with 
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a band-to-VN transition in AlxGa1-xN. In the absence of further investigations, this 
explanation remains speculative. 
 
The variation of the PL peak FWHM with temperature, of undoped AlxGa1-xN, was also 
studied. Figure 9.13 shows the temperature dependence of the PL peak FWHM for three 
undoped AlxGa1-xN layers (x = 0.23, 0.37 and 0.50). The solid line is a fit to the FWHM 
data of the Al0.23Ga0.77N sample, using Equation 8.7:  
[ ]1)/(exp −++Γ=Γ TkET BLOIT
ν
σ                                            … (8.7) 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 9.13: The temperature dependence of the PL peak FWHM for three undoped 
AlxGa1-xN layers (x = 0.23, 0.37 and 0.50). 
 
The fit parameters employed were 0Γ = 26 ± 2 meV, σ = 90 ± 5 
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excitons at alloy potential fluctuations, shown in Figure 9.5.) At low temperatures, 
excitons are bound in the conduction band minima, and with increasing temperature, the 
FWHM will broaden due to acoustic phonon scattering. During the thermalization 
process, the excitons move to lower energy conduction band minima, thus resulting in no 
increase or a slight increase in the FWHM.  Once all the excitons are free from the higher 
energy conduction band minima, the increase in the FWHM is due to LO phonon 
scattering. This is supported by the fact that in Figure 9.13 a good fit to the FWHM data 
of the Al0.23Ga0.77N sample was obtained using Equation 8.7, for temperatures greater 
than T2 (i.e. in region III where all excitons are assumed to be free). 
 
9.3 Photoluminescence of Si-doped AlxGa1-xN 
 
The effect of Si-doping on the PL properties of AlxGa1-xN will be presented in this 
section. Firstly, the effect of varying the Si-doping level, while keeping the composition 
constant, will be presented. Secondly, the results for a series of AlxGa1-xN samples with 
the same doping concentration, but with differing Al content, will be presented. 
 
9.3.1 The effect of varying the Si-doping level at a fixed composition 
 
Figure 9.14 shows the 12 K PL spectra for a series of Si-doped Al0.23Ga0.77N layers. The 
carrier concentration varied from undoped to n = 1.1 x 1018 cm-3. The dominant feature in 
the 12 K PL spectrum of the undoped layer, occurring at 3.865 eV, is due to neutral 
donor-bound exciton recombinations. Two LO phonon replicas of the I2 peak, separated 
by an energy of 93 meV, are also observed.  The FWHM of the PL band of the undoped 
layer is 32 meV, in good agreement with other reports [Meyer et al. (1999), Steude et al. 
(1999) and Leroux et al. (2002)]. This is mainly due to alloy inhomogeneous broadening.   
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Figure 9.14: The 12 K PL spectra of Si-doped Al0.23Ga0.77N layers, from undoped to 
n = 1.1 x 1018 cm-3. 
 
As can be seen in Figure 9.14, with increasing doping, the PL peak energy shifts towards 
lower energies, the FWHM increases, and a low energy tail is also seen to emerge. This is 
consistent with what is reported for GaN [Leroux et al. (1997)]. Note, however, that the 
Huang Rhys factor for LO-phonon replication is the same for all samples, which is a first 
hint that the main luminescence transitions are the same in all our samples. In Figure 9.14 
it is evident that the PL intensity increases with the doping level, up to a doping 
concentration of n = 5.9 × 1017  cm-3, with the PL intensity being lower for the sample 
with n = 1.1 × 1018  cm-3. This phenomenon has previously been observed in Si-doped 
GaN [see Figure 8.15 and Schubert et al. (1997), Ramvall et al. (2000) and Sánchez-
Páramo et al. (2001)]. As explained in Section 8.4, the increase in the PL intensity is due 
to the increase in the donor concentration, without an increase in the nonradiative defect 
concentration. Since the ratio of the radiative to nonradiative recombination rate is ND/NT, 
it is clear that if ND increases while NT remains constant, then the PL intensity will be 
enhanced. The assumption that the concentration of nonradiative centers is not dependent 
on the doping level will be proved later in this chapter. 
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Figure 9.15 shows the PL peak energy, Elum, and FWHM of the Al0.23Ga0.77N layers as a 
function of the 300 K carrier concentration.  The PL peak energies are seen to 
monotonously decrease with increasing doping, according to the expression EPL = 
3.91 eV + (-8.75 x 10-8 eV) n1/3, in good agreement with the behaviour reported for Si-
doped GaN [Yoshikawa et al. (1999)]. This has been attributed to band gap 
renormalization [Leroux et al. (1997)]. In Figure 9.15 the FWHM is seen to increase with 
the electron concentration but does not follow a n2/3 power law, as observed in highly n-
doped GaN [Leroux et al. (1997)]. This is due to the fact that our samples have electron 
concentrations below the Mott transition, as Hall effect measurements have shown. 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 9.15: The 12 K PL peak energy (squares) and FWHM (circles) of Si-doped 
Al0.23Ga0.77N, as a function of the corrected carrier concentration.  The 
dotted line indicates a n1/3 power-law fit to the PL peak energy data, while 
the solid line is a straight line fit to the FWHM data. 
 
A similar study, albeit less rigorous, was performed on the effect of Si-doping on the PL 
properties of Al0.50Ga0.50N. Figure 9.16 shows the 12 K PL spectra for a series of Si-
doped Al0.50Ga0.50N layers. The PL peak energies do not decrease monotonously with 
doping, as was observed for Al0.23Ga0.77N. This could be due to many factors, including 
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slight strain and/or Al composition variations. It is interesting that Nam et al. (2002) saw 
the same trend in the PL peak energy for Si-doped Al0.50Ga0.50N, although no explanation 
was given. The FWHM increase observed in Figure 9.16 is again attributed to band 
filling effects. 
 
The effect of Si-doping on the variable temperature PL properties of AlxGa1-xN was also 
studied. Figure 9.17 shows the temperature dependence of the PL peak energies of some 
of the Al0.23Ga0.77N samples, from undoped to n = 1.1 x 1018 cm-3.   
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 9.16: The 12 K PL spectra for a series of Si-doped Al0.50Ga0.50N layers, from 
undoped to n = 1.2 x 1018 cm-3. 
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Figure 9.17: The temperature dependence of the PL peak energy of Si-doped 
Al0.23Ga0.77N layers with different doping concentrations.  The solid lines 
are fits obtained using parameters reported by Fukui et al. (2000). 
 
The same method of fitting Equation 8.2 to the PL peak energy in region III, and then 
extrapolating to yield the excitonic gap at 0 K, was applied, as was the case for the 
undoped sample. These fits are shown as solid red lines in Figure 9.17. The fit parameters 
used for all the samples were aB = 0.073 ± 0.015 eV and θ = 450 ± 25 K. The “S-shape” 
is very prominent in the layer doped 3.2 x 1017 cm-3, and progressively weakens with 
increasing doping level. The Eloc and Eσ energies obtained are listed in Table 9.2. The Eloc 
and Eσ energies of each sample are very similar, thus again demonstrating the 
equivalence of the two methods of measuring the localization energy. Both Eloc 
and Eσ are seen to increase sharply when going from undoped to slightly Si-doped 
material, with further doping resulting in a decrease in the localization energy. This is the 
first study on the effects of Si-doping on the S-curve in AlxGa1-xN alloys, with the results 
being recently published [James et al. (2004a) and (2004b)]. Interpretation of these 
results will be presented later in this chapter. 
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Table 9.2:  The Eloc and Eσ energies obtained from the EPL versus temperature data 
for a series of Si-doped Al0.23Ga0.77N layers. 
Carrier concentration (cm-3) Eloc (meV) Eσ (meV) 
Undoped 10 (± 2) 11 (± 2) 
3.2 × 1017 16 16 
4.8 × 1017 14 12 
5.1 × 1017 12 13 
5.9 × 1017 9 10 
1.1× 1018 8 10 
 
 
The effect of Si-doping on the PL peak energy as a function of temperature was also 
studied in Al0.50Ga0.50N. Figure 9.18 shows the temperature dependence of the PL peak 
energies of Al0.50Ga0.50N, from undoped to n = 1.2 x 1018 cm-3.   
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 9.18: The temperature dependence of the PL peak energy of Si-doped 
Al0.50Ga0.50N layers with different doping concentrations.  The solid line is 
a fit obtained using parameters reported by Fukui et al. (2000). 
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For clarity, the PL peak energy data of the undoped layer has been offset (increased) by 
40 meV.  The parameters used to obtain the fit to the EPL data of the sample doped 7 x 
1017 cm-3 are the same as those utilized for the undoped layer (values listed in Table 9.1). 
As was the case for the Al0.23Ga0.77N samples, Si-doping causes a significant increase in 
the S-curve behaviour, as well as in the localization energy. In fact, the localization 
energies measured in the doped samples are twice as large as that of the undoped sample. 
The Eloc and Eσ energies obtained for Si-doped Al0.50Ga0.50N are listed in Table 9.3.  
 
Table 9.3: The Eloc and Eσ energies obtained from the EPL versus temperature data for 
a series of Si-doped Al0.50Ga0.50N layers. 
Carrier concentration (cm-3) Eloc (meV) Eσ (meV) 
Undoped ~ 25 ~ 23 
~7 × 1017 50 56 
1.2 × 1018 52 58 
 
The effect of the Al content on the localization energy measured for Si-doped AlxGa1-xN 
will be presented in Section 9.3.2. 
 
The temperature dependence of the integrated PL intensity of undoped and Si-doped 
AlxGa1-xN (x = 0.23 and 0.50) was also studied. Figure 9.19 shows the temperature 
dependence of the integrated PL intensity of some of the Al0.23Ga0.77N samples, from 
undoped to n = 1.2 x 1018 cm-3.  The curves were fitted over regions I and II using 
Equation 9.6, as demonstrated in Figure 9.10. The E1 and E2 activation energies, as well 
as the Io, A1 and A2 values, obtained from fitting Equation 9.6 to the data, are listed in 
Table 9.4. 
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Figure 9.19: The temperature dependence of the integrated PL intensity of undoped and 
Si-doped Al0.23Ga0.77N. The solid lines correspond to fits using Equation 
9.6. 
 
Table 9.4: The E1 and E2 activation energies, as well as the Io, A1 and A2 values, 
obtained from fitting Equation 9.6 to the temperature dependence of the 
integrated PL intensity of undoped and Si-doped Al0.23Ga0.77N. 
Carrier 
Concentration (cm-3) 
E1 
(meV) 
E2 
(meV) 
ED 
(meV) Io A1 A2 
Undoped 8 (± 1) 33 (± 2) 39.54 0.0114 22.2 3425 
3.2 × 1017 5 31 22 (± 1) 0.0157 4.8 1020 
4.8 × 1017 4.5 21 20 0.0032 4.4 180 
5.1 × 1017 4 27 19 0.0167 2.7 750 
5.9 × 1017 3.8 24 15 0.0203 4.2 370 
1.1× 1018 3 22 12 0.0095 1.5 340 
                                                 
4
 Estimated using the theory for a shallow effective mass donor, as explained in Section 6.4.3. 
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It is evident that both the E1 and E2 activation energies decrease with increasing doping. 
As was shown in Chapter 8, the E1 activation energy is related to the binding of excitons 
at neutral Si donor atoms. Furthermore, it is reported that the exciton binding energy, EB, 
is related to the donor activation energy, ED, via Hayne’s rule, i.e. EB ~ 0.2 ED 
[Volm et al. (1996) and Wang et al. (1996)]. It is then not unreasonable to postulate that 
E1  EB ~ 0.2 ED. In Figure 9.20 the Si donor activation energy (taken from Figure 6.9) 
and the E1 energies for this series of Al0.23Ga0.77N samples is plotted as a function of n1/3. 
Note that the right ordinate is 0.2 times that of the left one.  
 
As stated earlier, no Hall effect measurements could be performed on the undoped 
samples, due to their highly resistive nature. In Figure 9.20 a theoretical donor activation 
energy of 39.5 meV is assumed. This was calculated using the reported ED = 29 meV for 
Si-doped GaN, and extrapolating for the electron effective mass and dielectric constant 
between the values for GaN (me = 0.22 mo,  = 6.3) and AlN (me = 0.33 mo,  = 9.7), 
respectively [James et al. (2004a) and references therein].  From Hayne’s rule a donor-
bound exciton binding energy of 7.9 meV is then to be expected, in very good agreement 
with E1 = 8 meV found for the undoped Al0.23Ga0.77N sample. From Figure 9.20 it is clear 
that E1 ~ 0.2 ED, thus E1 is attributed to the delocalisation of excitons bound to neutral Si 
donor atoms. Excitons previously bound to Si donors become able to diffuse towards 
local minima of the conduction band.  This results in a redshift in the PL energy, and, if 
non-radiative recombination centers are encountered, a reduction in the PL intensity. The 
large increase in T1 observed when going from undoped to slightly doped material 
(Figure 9.17) indicates stronger exciton localization at neutral Si donors, due to a larger 
donor density.  A further increase in the Si concentration results in a lowering of EB, thus 
explaining the subsequent decrease of T1 with higher doping. 
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Figure 9.20: The Si activation energy, ED, (squares, left ordinate) and E1 activation 
energy (circles, right ordinate), as a function of n1/3 for Al0.23Ga0.77N.  The 
solid line corresponds to a n1/3 power-law fit to ED. Note that the right 
ordinate is 0.2 times the left ordinate. 
 
In order to investigate the origin of the second nonradiative channel, with activation 
energy E2, the effect of the carrier concentration on the pre-exponential factors A1 and A2, 
as well as on the Io values was studied. Figure 9.21 shows the effect of the doping level 
on the pre-exponential factors A1 and A2, as well as on the Io values. The first interesting 
point observed in Figure 9.21 is that Io is independent of the doping level. From this it 
seems that the number of non-radiative centers (such as dislocations, traps, etc.) are 
constant, regardless of the doping level. This was assumed to be the case when 
considering the increase in the PL intensity with increased Si-doping, for GaN and 
Al0.23Ga0.77N. It is also very interesting that both A1 and A2 are proportional to n-1. 
0.0 4.0x105 8.0x105 1.2x106
0
10
20
30
40
50
 ED
α = 2.6x10-5 meV.cm
 
 
Si
 
ac
tiv
at
io
n
 
en
er
gy
 
(m
eV
)
n
1/3
 (cm-1)
0
2
4
6
8
10
 E1
E 1
 
(m
eV
)
  
154 
154 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 9.21: The effect of the doping level on the pre-exponential factors A1 and A2, as 
well as on the Io values. 
 
It has been shown that the pre-exponential factors Ai (i = 1 or 2) are given by 
[Leroux et al. (1999): 
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where 
iR
τ and 
iNR
τ are the radiative and nonradiative lifetimes, respectively, and 
iNR
E is 
the activation energy of the ith nonradiative channel. Since the concentration of 
nonradiative defects does not change with doping, the Ai values will only be dependent on 
iR
τ . The radiative lifetime is known to be inversely proportional to the majority carrier 
density [Schroder pp 424-426], and thus Ai should be inversely proportional to the 
doping level. This was indeed found to be the case for Si-doped Al0.23Ga0.77N, as shown 
in Figure 9.21. 
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Figure 9.22 shows the E2 activation energy as a function of n1/3. Also shown is 
(ED + 10) meV, as will be explained shortly. The solid line is a guide to the eye. 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 9.22: The E2 activation energy for Si-doped Al0.23Ga0.77N as a function of n1/3. 
Also shown is (ED + 10 meV), while the solid line is a guide to the eye. 
 
In the temperature region II, a blue shift of PL energies is accompanied by a strong 
decrease of PL intensities. The corresponding activation energies E2, given in Table 9.4, 
are seen to decrease from 33 to 22 meV with increasing doping.  Nam et al. (2002) also 
found a strong reduction in the PL activation energy with increasing doping for Si-doped 
Al0.45Ga0.45N. Three mechanisms have been proposed in literature to explain the decrease 
in E2. First, this could be donor ionization, but the activation energies do not correspond 
to the Hall donor depths, as Table 9.4 shows. A second mechanism corresponds to what 
is observed in n-type GaN [Leroux et al. 1999)]: in region II, if the PL band is an 
unresolved mixture of free and bound excitons, the activation energy would be 
intermediate between the exciton Rydberg (corresponding to exciton dissociation, which 
is a very efficient mechanism for PL quenching in GaN), and the sum of the Rydberg 
plus EB. This is in agreement with the results in Table 9.4, at least for the weakly doped 
samples. The decrease of E2 with doping follows the previous scaling arguments. A third 
0.0 2.5x105 5.0x105 7.5x105 1.0x106
20
30
40
50  E2
 ED +10 meV
 
 
En
er
gy
 
(m
e
V)
n
1/3
 (cm-1)
  
156 
156 
model would be that in region II, both delocalization of excitons bound at alloy potential 
fluctuations and Si donor ionization occur simultaneously. Thus the second activation 
energy, E2, could be attributed to the sum of the donor activation energy ED and the 
localization energy of excitons at inhomogeneous alloy potential fluctuations in the layers 
(~ 10 meV, as measured in the undoped sample). Since in Figure 9.22 E2 is seen to scale 
as n1/3, and that the (ED + 10 meV) data closely follow the E2 energies, it is proposed that 
in temperature region II the PL quenching is due to the simultaneous delocalization of 
excitons bound at alloy potential fluctuations and Si donor ionization. 
 
The PL activation energy in region III, E3, was found to have no dependence on the 
doping level, with the values varying between 50 and 55 meV. 
 
9.3.2 The effect of keeping the Si-doping level constant and varying the composition 
 
The photoluminescence properties of a set of AlxGa1-xN samples, with a fixed doping 
level, were also studied. The Si donor concentration for this set of samples is estimated to 
be approximately ND  2.5 × 1018 cm-3 [Wagener et al. (2003)]. Figure 9.23 shows the PL 
peak energy as a function of Al content, x, for a series of Si-doped AlxGa1-xN samples. 
The solid line is a fit to the data using Equation 9.1. As was observed in Figure 9.2 the PL 
peak energy increases with increasing x, due to the increase in the band gap. However, a 
much larger bowing factor of b = 1.5 eV is required to fit the data. This is attributed to 
the localization of excitons at neutral Si donors. This increase in the bowing of the PL 
peak energy due to doping could partly explain the large range of reported bowing 
parameters [S. R. Lee et al. (1999) and references therein]. The reported values of the 
carrier concentration of undoped AlxGa1-xN vary quite markedly, with values ranging 
from 1 x 1014 cm-3 to 3 x 1018 cm-3 [Polyakov et al. (1996), Polyakov et al. (1998) and 
Nam et al. (2002)]. Since the most common residual dopants in AlxGa1-xN are Si and O, 
and seeing that Si doping affects the PL peak energy, it is not surprising that there is a 
wide spread in the reported bowing parameter values for AlxGa1-xN. 
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Figure 9.23: The variation of the PL peak energy for Si-doped AlxGa1-xN, as a function 
of aluminium content, x (ND  2.5 × 1018 cm-3). 
 
It was seen in Figures 9.14-16 that Si doping increases the FWHM of the PL peak. Figure 
9.24 shows the 12 K PL peak FWHM of the Si-doped AlxGa1-xN layers as a function of 
the Al content, x. Also included is the FWHM data for the undoped AlxGa1-xN layers. As 
expected, in Figure 9.24 the FWHM of the doped layers is greater than that of the 
undoped material. This is attributed to band filling effects, as is reported for GaN 
[Yoshikawa et al. (1999) and Leroux et al. (1997)]. The FWHM of the Si-doped samples 
follow the theoretical trend for alloy disorder (predicted by Equation 9.2) for low 
compositions, but deviate towards higher compositions. The fact that for x < 0.3 the 
measured FWHM values are near to the predicted FWHMσ curve is thought to be merely 
coincidental.  
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Figure 9.24: The variation of the 12 K PL peak FWHM with Al composition, x, for Si-
doped AlxGa1-xN. The FWHMσ curve was obtained using Equation 9.2. 
 
The temperature dependent PL properties of this set of Si-doped samples was then 
studied. Figure 9.25 shows the temperature dependence of the PL peak energy for 4 Si-
doped AlxGa1-xN layers (x = 0.23, 0.37, 0.42 and 0.50). The solid lines are fits to the data 
using Equation 9.5. Once again, the S-curve behaviour in the EPL versus temperature data 
becomes more pronounced with increasing Al content, as was observed for the undoped 
samples (Figure 9.7). However, the S-curve behaviour is very exaggerated in samples 
with x > 0.3. The Eσ energies were obtained by fitting Equation 9.5 to the EPL versus 
temperature data in regions II and II. From Figure 9.9 it was seen that the 
FWHMσ and Eσ values were very similar for undoped AlxGa1-xN. In Figure 9.26 the 
FWHMσ and Eσ energies for the set of Si-doped AlxGa1-xN samples is shown (again 
2ln22/FWHMFWHM =σ ). 
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Figure 9.25: The PL peak energy as a function of temperature for four Si-doped 
AlxGa1-xN layers (x = 0.23, 0.37, 0.42 and 0.50). The solid lines are fits 
obtained using Equation 9.5. 
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Figure 9.26: The FWHMσ and Eσ energies, as a function of x, for Si-doped AlxGa1-xN  
( 2ln22/FWHMFWHM =σ ). 
 
In Figure 9.26 it is seen that the FWHMσ versus x curve has a shape typical of alloy 
broadening effects. For x <  0.3, the FWHMσ and Eσ energies are similar, as was the case 
for undoped AlxGa1-xN. For x >  0.3, however, a large increase in Eσ is observed but not 
in FWHMσ . Close inspection of the FWHMσ and Eσ data of Bell et al. (2004) also revealed 
that Eσ became larger than FWHMσ  for x > ~ 0.2. Possible explanations for this behavior 
will be given after comparing the Eσ energies of undoped and Si-doped AlxGa1-xN. 
 
Figure 9.27 again shows the Eσ energies as a function of the Al content, x, for the set of 
Si-doped AlxGa1-xN samples. Also shown is the Eσ versus x data, for undoped AlxGa1-xN 
(from Figure 9.9). In Figure 9.27 a very large increase in the Eσ energies is measured in 
the Si-doped AlxGa1-xN layers when x > 0.3. This is clearly Si-doping related, possibly 
due to the localization of excitons at neutral Si donors. However, the sudden increase in  
 
the localization energies at about x  0.3 could also be related to the valence band 
structure, as the 79 Γ→Γ valence band crossover occurs at about this composition. 
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Figure 9.27: The Eσ energies (obtained from Equation 9.7) as a function of the Al 
content x, for undoped and Si-doped AlxGa1-xN. The solid line is a fit to 
the undoped Eσ data using Equation 9.2. 
 
To gain further information on the excitonic localization in undoped and Si-doped 
AlxGa1-xN, the temperature dependence of the FWHM of such layers was studied. It is to 
be expected that any increased localization at low temperatures should be visible in the 
temperature dependence of the FWHM. Figure 9.28 shows the temperature dependence 
of the FWHM of three undoped and Si-doped AlxGa1-xN layers (x = 0.23, 0.37 and 0.50).  
In Figure 9.28 (a) the solid lines are fits to the high temperature FWHM data using 
Equation 8.7, while in Figures (b) and (c) the dotted lines are guides to the eye. At all 
three compositions a marked decrease in the FWHM of the Si-doped layers was observed 
at low temperatures. This is attributed to exciton localization at neutral Si donors. 
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Figure 9.28: The temperature dependence of the FWHM of three undoped and Si-
doped AlxGa1-xN layers (x = 0.23, 0.37 and 0.50). 
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The optical properties of Si-doped AlxGa1-xN were further investigated by studying the 
temperature dependent quenching of the PL peak intensities in Si-doped AlxGa1-xN 
layers. Figure 9.29 shows the integrated PL intensity as a function of reciprocal 
temperature for three Si-doped AlxGa1-xN layers (x = 0.23, 0.37 and 0.50). The solid lines 
are fits to the data in regions I and II, using Equation 9.6. Good fits were obtained for all 
three samples, yielding the activation energies E1 and E2. Since it was shown in Figure 
9.20 that for Al0.23Ga0.77N, E1  0.2 ED, in Figure 9.30 the E1 and ED activation energies 
of Si-doped AlxGa1-xN, are plotted as a function of the Al content, x. The ED data is a 
combination of the values obtained from Hall Effect measurements (from Chapter 6) and 
values from literature [Nam et al. (2002)]. 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 9.29: The integrated PL intensity as a function of reciprocal temperature for 
three Si-doped AlxGa1-xN layers (x = 0.23, 0.37 and 0.50). The solid lines 
are fits to the data in regions I and II, using Equation 9.6. 
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Figure 9.30: The Si activation energy (triangles), ED, and the E1 energy (squares) 
plotted as a function of the Al content, x. The open circles are the ED 
energies reported by Ahoujja et al. (2002). 
 
From Figure 9.30 it is seen that for the ED values measured between 0  x  0.23 in this 
study, E1  0.2 ED, while for the ED data of Ahoujja et al. (2002) it was found that E1  
0.2 ED up to x = 0.5. It is thus proposed that for 0  x  0.5, the E1 activation energy is 
related to the delocalisation of excitons bound at neutral Si donors. It is also evident from 
Figure 9.30 that the Si donor activation energy does not scale linearly with the Al 
content. Possible reasons for this will be discussed later in this chapter. 
 
Figure 9.31 shows the second activation energy E2 as a function of x, for the set of Si-
doped AlxGa1-xN layers. In Figure 9.31 it is evident that E2 also does not scale linearly 
with x. The assignment of the E2 energy to a specific mechanism is very difficult, due to 
the lack of electrical data above x = 0.3, and since this is the only report to date where a 
two exponential variation of Equation 8.4 has been applied to the temperature 
dependence of the PL quenching in AlxGa1-xN layers. Since it was found that in the 
Al0.23Ga0.77N samples, E2  (ED + Eloc), this is also included in Figure 9.31. 
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Figure 9.31: The E2 activation energy as a function of the Al content, x, for the set of 
Si-doped AlxGa1-xN layers. Also shown is (ED + Eloc), for the samples of 
which ED could be measured. 
 
It seems that for 0  x  0.4, E2 is indeed approximately equal to (ED + Eloc). It cannot be 
assumed that this is the case for samples with x > 0.4, since no ED energies could be 
accurately determined for these samples. Furthermore, the ED values of Nam et al. (2002) 
cannot be used, since the Eloc energies are not known for those samples. However, it was 
shown that for Al0.23Ga0.77N the PL quenching in region II (and subsequently E2) is 
related to the Si-doping concentration, since A2  n-1. Thus the increase in the E1 and E2 
activation energies for x > (0.2 – 0.4) could be due to a change in the Si donor from a 
shallow EMS to a deeper level localised in the band gap. This could suggest that the Si 
donor is transformed into a DX-centre for compositions greater than 0.2 - 0.4. It was 
shown in Section 6.4, however, that it is unlikely that Si is forming a DX-centre in the 
samples studied in this work, and that O was most likely responsible for the PPC signal 
observed. Furthermore, caution needs to be taken when trying to link PL measurements 
with DX-centres. Since PL measurements are performed under illumination, there is a 
contradiction between PPC and the observation of transitions involving electrons from 
0.0 0.1 0.2 0.3 0.4 0.5 0.6
0
20
40
60
80
100 Si-doped Al
x
Ga1-xN
 E2
 ED + Eloc
 
 
En
e
rg
y 
(m
e
V)
Al content, x
  
166 
166 
the DX-centre ground state, as the DX-centre will be in the shallow state due to the laser 
illumination [Leroux (1994)]. 
 
The increase in the E1 and E2 activation energies could also be due to the 79 Γ→Γ valence 
band crossover, which occurs at roughly the same composition. Due to the scarcity of 
reports on the valence band structure in AlxGa1-xN, however, no conclusions can be made 
at this stage as to the effect of the 79 Γ→Γ valence band crossover on the PL properties. 
 
As was the case for Si-doped Al0.23Ga0.77N, no significant difference in the E3 energies 
was observed between undoped and Si-doped AlxGa1-xN. This is to be expected if the VN 
is responsible for E3, as the number of vacancies should not increase with Si doping due 
to the high formation energy of VN in n-type material [Van de Walle and Neugebauer 
(2004)].  
 
9.4 Conclusions 
 
The optical properties of undoped and Si-doped AlxGa1-xN have been studied as a 
function of composition and doping level, using low temperature (12 K) and variable 
temperature photoluminescence measurements. The results of this study are summarised 
below: 
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? PL peak position versus x could not be 
fitted using only 1 bowing parameter. 
 
Possible Explanations 
 
 A consequence of the 9V and 7V 
valence band crossover. 
 Exciton localization at alloy potential 
fluctuations. 
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for homogeneous alloy disorder. 
 
 No cation clustering in the samples 
studied. 
 Measured FWHM values smaller than 
predicted by Equation 9.2 due to the 
fact that PL is due to bound and not 
free excitons. 
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? An “S-curve” was observed in the PL 
peak energy versus temperature data. 
 
 Localization energy, Eσ , estimated by 
subtracting 
kT
E
2σ from the temperature 
dependence of the band gap. 
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 The localization energy increases 
with the Al composition, in 
accordance with alloy disorder theory 
(Equation 9.2). 
 
 Localization at alloy potential 
fluctuations dominates in undoped 
AlxGa1-xN 
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 PL intensity versus temperature data 
analysed assuming the presence of 
two nonradiative channels. 
 
 Two PL activation energies, E1 and 
E2, obtained. 
 
 E2 activation energy increases with Al 
content. 
 
 Good correlation with reported 
activation energies observed. 
 
 Possible nonradiative channels 
yielding E1 and E2 not identified. 
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 The “S-curve” observed in AlxGa1-xN 
alloys is Si-doping dependent. 
 
 Exciton localization occurs at both 
alloy potential fluctuations and neutral 
Si donors. 
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 PL peak energy decreases with doping 
due to band gap renormalization. 
 
 PL intensity and FWHM increased 
with doping. 
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 The temperature dependence of the 
PL intensity was again fitted 
assuming the presence of two 
nonradiative channels, giving 
activation energies E1 and E2. 
 
 The doping dependence of the pre-
exponential factors Io, A1 and A2 
showed that: 
  
  Io is independent of n, and 
  A1 and A2 ~ n-1 
 
 Doping does not increase the 
concentration of nonradiative centres. 
 
 The nonradiative channels giving rise 
to E1 and E2 are related to Si doping. 
 It was found that E1  0.2 ED, 
implying that in region I exciton 
delocalisation from neutral Si donors 
is occurring.  
 
 It was also found that E2  (ED + 
Eloc), assuming Eloc = 10 meV for 
undoped Al0.23Ga0.77N. 
 
 E2 possibly due to the simultaneous 
ionisation of Si donors (ED) and 
exciton delocalisation at alloy 
potential fluctuations (Eloc). 
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12 K MEASUREMENTS 
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? The PL peak energy versus x data 
showed a much larger bowing than 
undoped material, possibly due to the 
added localization at neutral Si 
donors. 
 
 An increase in the FWHM was 
observed, as compared to the undoped 
material, being attributed to band 
filling effects. 
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 Again, a large increase in the “S-curve” in the 
PL peak energy versus temperature was seen. 
 
 The Eσ energies of the doped samples was seen 
to increase markedly for x > 0.3, an indication 
of strong exciton localization at neutral Si 
donors. 
 
 
  
  
171 
171 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Si-doped AlxGa1-xN 
VARIABLE TEMPERATURE MEASUREMENTS 
0.00 0.01 0.03 0.04 0.06 0.07
 Al0.23Ga0.77N
 Al0.37Ga0.63N
 Al0.51Ga0.49N
 
PL
 
In
te
n
si
ty
 
(ar
b.
 
u
n
its
)
1/Temperature (K-1)
0.0 0.1 0.2 0.3 0.4 0.5 0.6
0
20
40
60
80
100
 ED (This study)
 ED (Ref 4)
 
E D
 
(m
eV
)
Al Content, x
0
5
10
15
20
 E1
E 1
 
(m
eV
)
 The temperature dependence of the 
PL intensity was analysed, yielding 
E1 and E2. 
 
 
 It was found that E1  0.2 ED, as was 
the case for Al0.23Ga0.77N. 
 
 E1 again attributed to the 
delocalisation of neutral Si-donor 
bound excitons. 
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? A sharp increase in the Eσ , E1 and E2 
energies is observed for x > 0.3. 
 
 The mechanism responsible for the E2 
activation energy could not be 
identified, although for x < 0.3 it is 
seen that E2  (ED + Eloc). 
 
 Possibly due to a gradual deepening of 
the Si donor level, or a change from 
the shallow Si donor state to a deep 
DX-centre. 
 
 PPC measurements have hinted at the 
possible formation of the Si DX-
centre in Al0.50Ga0.50N, but further 
verification using other techniques is 
required. 
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Chapter 10 
 
CONCLUSIONS AND POSSIBLE FUTURE STUDIES 
 
10.1 Conclusions 
 
The aim of this study was to investigate the MOCVD growth of undoped and Si-doped 
AlxGa1-xN on sapphire substrates, and then to evaluate the electrical and optical 
properties of these layers using Hall effect and photoluminescence measurements. The 
main conclusions that can be drawn from this investigation will be only be briefly 
presented in this section, as each of the previous chapters already contains a summary of 
the important results. 
 
GaN: The GaN grown in this study was found to have very good optical and electrical 
properties, equivalent to GaN of other groups grown on sapphire. For undoped material, 
both free and bound excitonic features could be resolved in the 12 K PL spectra, while 
for Si-doped GaN strong donor-bound luminescence was observed. From Hall effect 
measurements it was seen that undoped GaN was highly resistive, while conducting 
material (n > 1018 cm-3) could easily be achieved using silane as a doping source. 
Temperature dependent Hall effect and photoluminescence measurements were 
performed on both undoped and Si-doped GaN, the results of which correlated well with 
previous reports. 
 
AlxGa1-xN: The growth and characterisation of AlxGa1-xN by MOCVD was the main 
focus of this study. Material was grown over the entire composition range, but UV 
transmission measurements showed that the material quality was poor for layers with x > 
0.5. The electrical and optical properties of AlxGa1-xN with x < 0.5 were, however, 
comparable to those reported on in literature. From the study of the MOCVD growth of 
AlxGa1-xN it was found that the Al content in the layers did not scale linearly with the Al 
fraction in the vapour phase, and that the Al incorporation was dependent on the growth 
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pressure. This prompted a study of the effect of the growth pressure on the AlxGa1-xN 
layer properties, which revealed that the layer properties, such as the Al content and the 
growth rate, were critically dependent on the growth pressure.  
 
The study of the Si-doping of AlxGa1-xN was performed in two parts; firstly a series of 
Al0.23Ga0.77N samples was grown with the doping level being increased from zero to 
n  3 × 1018 cm-3. A similar, albeit a less rigorous, study was performed for Al0.5Ga0.5N. 
A second series of samples was then grown in which the doping level was kept constant, 
while the Al content was incrementally increased. 
 
In the study of the Si-doping of Al0.23Ga0.77N it was observed that the electron 
concentration did not scale linearly with the silane flow, as was the case in GaN. It was 
also seen that the electron mobility of the layers increased with slight Si-doping, possibly 
due to an improvement in the crystalline quality and/or a change in the conduction 
mechanism. At higher doping levels the mobility was seen to decrease with increased 
doping due to ionised impurity scattering. It was also found that at higher compositions (x 
= 0.41 and 0.50) an increase in the doping level resulted in an increase in the mobility. 
Variable temperature Hall effect and photoluminescence measurements, performed on the 
Al0.23Ga0.77N samples, revealed a good correlation between the first PL activation energy 
E1 and the donor activation energy ED, prompting the conclusion that the first PL 
recombination channel in AlxGa1-xN is due to the delocalisation of excitons bound at 
neutral Si donors. Furthermore, E1 and ED were seen to decrease with n1/3, as is the case 
for GaN and other semiconductor materials. It was also observed that strong exciton 
localisation occurs in slightly Si-doped material, with the amount of localisation 
becoming less at higher doping levels. 
 
The electrical and optical properties of the second set of AlxGa1-xN samples was then 
studied. The PL properties of undoped AlxGa1-xN were typical of a homogeneous alloy 
system, with the increase in the PL FWHM and exciton localisation energies with x 
following the trend predicted by alloy disorder theory. The variation of the band gap 
energy with the Al content could, however, not be fitted over the entire composition 
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range using a single bowing parameter. It was proposed that this was due to either to an 
effect of the 79 Γ→Γ valence band crossover, or due to exciton localisation at alloy 
disorder and/or impurities. As was the case for GaN and Al0.23Ga0.77N, all undoped 
material was highly resistive. 
 
As was mentioned earlier, the exciton localisation energies increased according to alloy 
disorder theory in undoped AlxGa1-xN. In the doped samples, however, a large increase in 
the donor localisation energy was measured for x > 0.3. The possibility that Si could 
become a DX-centre in AlxGa1-xN was then investigated. However, Hall effect 
measurements showed that the Si activation energy increased in good agreement with the 
model of a shallow EMS donor, with no sudden increase in ED being observed up to x = 
0.4. It was then suggested that the increase in the E1 and E2 activation energies, as well as 
the exciton localisation energies, could be due to the 79 Γ→Γ valence band crossover, 
which occurs at roughly the same composition. However, due to the scarcity of reports on 
the valence band structure in AlxGa1-xN no conclusions could be made at this stage as to 
the effect of the 79 Γ→Γ valence band crossover on the PL properties of AlxGa1-xN. 
 
10.2 Possible future studies 
 
Some interesting topics for future studies have emerged from this investigation. These 
include: 
 
• Further investigation of the growth of high Al-containing AlxGa1-xN alloys (x 
> 0.5) needs to be performed, since from UV transmission measurements it 
was seen that the quality of such samples was poor. 
  
• It would be very interesting to compare the temperature dependences of the 
PL peak energy and band gap (obtained from UV transmissance 
measurements) of AlxGa1-xN. While the PL peak position was seen to have an 
“S-curve” behaviour with temperature, this is not expected to be the case for 
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the band gap determined from UV transmission measurements. This would 
require temperature dependent UV measurements to be performed. 
 
 • In Chapter 6 it was seen that the Hall mobility of Si-doped AlxGa1-xN initially 
increased with the doping level. Transmission electron measurements (TEM) 
and X-ray diffraction could be performed on these layers to determine if 
indeed Si doping improves the crystal quality. 
  
 • A thorough study of the Si-doping of Al0.5Ga0.5N, and the electrical and 
optical properties of such material, needs to be performed. The doping of 
AlxGa1-xN samples with x > 0.5 also needs to be studied. 
 
 • The oxygen content of the samples investigated in this study needs to be 
ascertained. This could be accomplished by performing SIMS on a few 
samples. This would be very helpful in understanding the PPC observed in the 
Si-doped material.  
 
In this work it has been shown that although many problems still exist in the growth and 
doping of AlxGa1-xN alloys, conducting n-type AlxGa1-xN layers with very good optical 
properties can be grown up to a composition of x = 0.5. This makes AlxGa1-xN a very 
promising candidate for the manufacture of optoelectronic devices operating in the blue to 
far UV regions of the spectrum. 
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